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Publication  of  this  report  does  not  constitute  Air  Force  epproyKl  of ' > 
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ABSTRACT 


1A 

^rtrai/|program  was  established  in  order  to  develop  a  standard  and 
expedient  method  for  estimating  the  performance  and  weights  <jf 
deceleration  devices  used  to  decrease  the  landing  ground  roll  of 
an  aircraft.  The  method  of  approach  to  the  problem  was  to  obtain 
all  data  available  both  from  flight  test  and  theory;  and  to  $<inplle 
a  step-by-step  procedure  for  determining  the  weight  penalties  ’fanj8 
the  force  increments  affecting  aircraft  landing  performance. 
Specifically,  procedures  are  provided  for  determining  airplane  lift 
and  drag,  and  decelerative  force  increments  and  weight  penalties  diie 
to  high, lift  devices,  spoilers,  wheel  brakes i  speed  brakes,  drag 
chutes  and  thrust  reversers.  In  addition,  a  cursory  study  wiin  mads 
to  evaluate  the  effectiveness  of  various  factors  affecting  landing 
distance  of  three  current  military  aircraft.  The  Study  showed  that 
the  ground  roll  distance  was  strongly  influenced  by  touchdowij  speed; 
also  that,  of  all  the  decelerating  devices  studied,  the  thrusit  rfeverser 
was  the  one  most  effective  in  reducing  stopping  distance.  It  is 
therefore  recommended  that  further  studies  be  conducted  to  optimize 
thrust  reversers  and  devices  such  as  deflected  thrust,  which  deduce 
touchdown  velocity.  (  )  ^ _ 
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INTRODUCTION 


The  objective  of  this  report  is  to  provide-  a  method  of  analysis 
that  will  facilitate  the  evaluation  of 'the  effectiveness  of  deceleration 
devices  upon  the  landing  ground  roll  of  aircraft. 

In  limited-warfare  situations,  aircraft  must  operate  out  of  small 
advanced  airfields  which  may  be  close  to  enemy  held  territory  so  that 
approach  and  take-off  paths  are  subject  to  hostile  ground  fire.  In 
addition,  terrain  features  often  limit  the  length  of  runway  available. 

The  requirements  for  steep  approach  path  and  short  landing  distance  are 
incompatible  with  the  basic  design  of  modern  high-speed  jet  aircraft; 
therefore  a  variety  of  devices  are  used  to  change  lift,  drag  and  braking 
characteristics. 

There  are  many  methods  currently  in  use  to  determine  the  touchdown 
speed  and  ground  roll  of  an  aircraft.  Some  are  mathematical  methods 
based  entirely  on  theory  and  others  are  largely  empirical,  relying 
almost  entirely  on  test  data.  In  many  cases  the  results  of  these  methods 
do  not  agree  nor,  in  many  cases,  do  they  lend  themselves  to  rapid, 
ordered  methods  of  solution. 

Since  accurate  evaluation  of  the  landing  characteristics  of 
competing  aircraft  designs  is  currently  of  great  importance  the  Deputy 
for  Development  Planning  generated  a  Proposal  Request  (PR  number  SES-7-3537) 
to  provide  a  methodology  to  satisfy  the  aforementioned  requirement.  As 
successful  bidder,  the  Rohr  Corporation  has  conducted -a  one-year  study 
of  landing  deceleration  devices  and  has  compiled  the  present  handbook. 

To  initiate  the  study  an  extensive  literature  survey  was  conducted 
and  data  collected  from  manufacturers  with  regard  to  all  types  of 
deceleration  devices  and  aircraft  performance  during  landing.  On  the 
basis  of  the  data  and  various  existing  theoretical  approaches,  simplified 
yet  rigorous  methods  were  established  for  computing  touchdown  velocity 
and  the  forces  affecting  deceleration  during  landing  ground  roll.  In 
addition,  methods  were  formulated  for  prediction  of  weight  penalties 
associated  with  the  pertinent  devices.'  These  methods  for  determining  the 
deceleration  forces  and  weights  are  presented  in  the  form  of  charts  and 
graphs,  and  where  appropriate,  step  by  step  procedures.  A  sample  cal¬ 
culation  is  provided  in  Section  II  to  illustrate  the  use  of  the  handbook 
for  determining  touchdown  velocity,  decclerative  force  increments  and 
weight  penalties. 
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Because  of  the  low  velocities  uaually  involved  during  landing 
ground  roll,  the  airplane  drag  is  usually  small  compared  with  the  other 


i 

deceleration  forces.  As  a  result,  inaccuracies  in  computing  drag  were 
regarded  as  tolerable,  and  for  certain  of  the  increments  of  drag,  methods 
are  employed  that  result  in  first-order  answers.  In  this  regard,  the  air¬ 
craft  is  assumed  to  consist  of  wing-body  combinations  with  a  high  lift 
device(s)  and  an  appropriate  deceleration  device(s). 

The  deceleration  devices  given  consideration  are  wheel  brakes, - 
speed  brakes,  spoilers,  drag  chutes  and  thrust  reversers.  Wheel  brake 
effectiveness  is  considered  in  conjunction  with  a  number  of  runway 
surface  conditions  and  tire  types  and  sizes. 

t  .t 

The  high  lift  devices  given  consideration  include  plain,  split, 
slotted  and  Fowler  trailing  edge  flaps,  and  leading  edge  slots  and 
slats.  In  addition,  methods  are  suggested  to  account  for  boundary 
layer  control  where  suction  or  blowing  is  applied  at  the  nose  of  the 
trailing  edge  flap. 


SECTION  II 


AIRCRAFT  FORCES  AND  USE  OF  HANDBOOK 


GENERAL 

It  is  the  purpose  of  this  handbook  to  provide  an  analytical  Maas  . 
for  determining  the  forces  exerted  on  an  aircraft  during  the 
landing  ground  roll.  As  will  be  shown  later,  the  forces  and  their 
order  of  significance  aret  _ 

’  1.  Touchdown  Speed  (a  function  of  C,^) 

2.  Reverse  Thrust  (when  applicable) 

3.  Wheel  Braking 

4.  Drag 

5.  Lift 


In  addition,  for  evaluation  purposes,  a  means  is  provided  to 
determine  the  weight  of  the  components  of  the  alrplsne  that 
produce  the  forces. 


FORCE  ANALYSIS  . 

•  •  •  • 

Before  proceeding  with  the  force  and  weights  handbooks  preliminary 

study  was  made  to  determine  the  significance  of  the  various  derate 

...  Jit  i-  ,  k 

orating  devices.  This  was  accomplished  by  means  of  a  computerised 
landing  stopping  distance  equation.  The  sensitivity  of  sack  devise 
(or  force)  was  evaluated. 


Calculations  were  made  for  the  F-4,  F-5,  and  B-52K  aircraft* 
The  five  factors  nentloosd  above  were  parametrically  varied* 


A  nominal,  or  boss,  condition  (1)  was  established  for  each 
aircraft.  This  was  selected  on  the  basis  of  each  manufacturer's 
data  and  recommended  landing  procedure.  Where  It  was  not  specified 
an  engineering  estlnete  was  suide.  Variations  of  the  values  of  the 
parameters  from  this  base  condition  were  then  completed  with  the 
results  shown  in  Figures  2-1  through  2-3.  „  c 

These  curves  are  all  slallar  for  the  aircraft  analyzed.  As  rhown, 
when  the  slope  of  tba  curve  la  snail,  the  effect  on  the  landing 

stopping  distance  la  large.  The  results  also  indicated  the  slgnl- 

* 

finance  of  each  device  with  the  order  of  latportance  indicated  In 

the  first  paragraph! 

As  a  further  explanation  of  the  sensitivity  charts,  the  following 

exanpla  is  glues. 

If  it  were  required  to  reduce  the* landing  stopping  distance  of  an 
F-3  by  402  froo  the  nonlnal  case.  It  could  be  accomplished,  as 
felladss 

1.  By  Increasing  the  drag  by  a  factor  of  5.8  (approximately 
.  the  value  of  the  drag  chute),  or 

2.  Increasing  the  braking  efficiency  by  a  factor  of  1.8. 

Thin  could  probably  be  obtainable  with  an  anti-skid  device, 

p  -  1.8  x  .3  -  .54,  or 
*•4 

5.  Using  a  thrust  reverser  having  SOI  efficiency  (n  -  -.5) 
and  a  cut-off  velocity  of  40  knots,  or 
4*  By  a  reduction  in  touchdown  velocity  by  about  201. 

• 

(la  nil  of  the  calculations  It  was  aasuned  that  the  deceleration 
device  was  effective  at  the  tins  of  touchdown,  t  -  0). 


AIRCRAFT  F-5 

GW  =  11,500  lbs. 

F-5  Design  Point  - 1 

V,  =  150  Knots  (Touchdown) 


F-5  Drogue  Chute 


NOTES 


All  decelerating  devices  are  assumed 
to  act  from  the  touchdown  point ~tQ 

Vco  indicates  the  velocity  (kts)  at 
which  the  thrust  reverser  is  cut-off 

n-  ^  where  TR  -  reversed  thrust 

Jg  »  Sea  level  static 
military  thrust 


LSD/LSD^  ' 

Sensitivity  of  F-5  Landing  Distance  to  Effectivenes 
of  the  Various  Factors  Affecting  Landing  Distance. 


FIGURE  2-1 


AIRCRAFT  F-4 


F-4  Design  point  -  1 
V<  -  150  kts. 


All  decelerating  devices  are  assumed 
to  act  from  the  touchdovn  point— tQ 

Thrust  Reverser  assumed  to  cut-off 
at  40  kts. 

n«“Tg/F,j  where  Tg  ■  reversed  thrust 
rG  -  ses  level  static 
_  military  thrust 


LSD/LSD. 


2-2  l  Sensitivity  of  F-4  Landing  Distance  to  Effectiveness 
of  Various  Factors  Affecting  Landing  Distance. 


i||:  '  ^ 

t*+"  : 


AIRCRAFT  B-52K 

GW. =  400,000  lbs. 
B-52H  Design  Point 
Vj,  *  150  Uts. 

Hi  ■  .2 

CD.  -  .1033 


LSDi  -  7,396  ft. 

All  decelerating  devices  are  assumed 
to  act  from  the  touchdown  point  —  t0 

Thrust  reverser  assumed  to  cut-off 
at  40  Vts. 

H--Tr/Fq  where  TR  -  revet ser  thrust 

-  sea  level  static 
military  thrust. 


LSD/LSDi 


FIGURE  2-3  :  Sensitivity  of  B-52F  Landing  .Distance  to  Effectiveness 
of  the  Various  Factors  Affecting  Landing  Distance. 
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Th«  above  results  were  obtained  by  solving  the  standard  one 
dimensional  equation  of  motion: 


V  •  T  -  D  -  (Braking  Forca) 


where 


T  la  the'  aircraft  thrust  (forward  or  reverse) 

0  la  the  aircraft  drag 

(Braking  Force)  -  y  k  (CW-L)  +  u_  (1  -  k.)  (GV-L) 


M|  le  the  braking  coefficient  (a  constant) 

Pg  la  the  rolling  coefficient  (a  constant) 

GV.  la  the  weight  of  the  aircraft 
L  la  the  lift  of  the  aircraft 
kj  la  the  portion  of  (CW-L)  supported  by  the 
■ala  landing  gear  (atatic) 


During  this  study.  It  becaaw  evident  that  a  aora  accurate  method 
•fcewld  be  applied*  (Since  this  study  was  only  concerned  with  the 
forces  themselves  and  not  the  solution  of  the  landing  stopping 
distance,  the  recoananded  equations  with  no  results  arc  presented) 
fhe  CMplete  equations  of  motion  which  describe  the  forces  and 
MMots  acting  on  the  aircraft  are  as  follows: 


CForcea  Vertical  -  0  -  CW  -  F  -  p 


IForcaa  Horizontal  ■  0 


moments  about  the  nose  wheel  ■  0  ■  i 


(CW-L)  +  M 


Mg  eg;  .  r 

■  j.  !  /  1 


iMwawthrmt  *'«•'?  f* 


Figure  2-4  shows  the  forces  diagrams  tically 


where  GW 


BV 


L 

C 

• 

V 

I 

D* 

• 

‘‘l 


■  Aircraft  Grose  Weight 

■  Vertical  reaction  force  jh  the  sain  landing  gear 

* 

■■  Vertical  reaction  force  on  the  nose  goer 
•  Aircraft  lift  *  C^qg 

■  Gravitational  force  -32.2  Ft/Sec* 

■  late  of  change  of  aircraft  velocity 

■  Thrust  (+  Forward,  -  Inverse) 

■  Aircraft  drag  ■  C^qg 

■  Braking  coefficient  »  f  (F  ,  tire 


description,  runway  description,  anti-sit^  device) 


hi 

M 


■  Bolling  Coefficient 

•  Aerodynanlc  'pitching 

•  Vertical  distance  from 


gear  to  aircraft  c.g 


•  Horizontal  distance  fro* 


»■.  ,  .-'V 

gear  to  aircraft  f»g. 


c.g. 


*T.L. 


-  Vertical  distance  fron  nose  gear  to  aircraft 
thrust  line. 


-  Horisontal  distance  fron  nose  gear  to  aircraft 
■a in  landing  gear. 


Kewriting  the  aooeat  equation  (11-4  )  as  follewst 


F _ - 


(H  -ft 
aero  s 


c.g 


(CU.M,  -«  -a;  1  )(tM) 


It  can  easily  be  seen  that  the  braking  force  (if_.  F  )  is  not  solely 
a  function  of  the  GW  and  L.  Using  the  above  equation  accounts  for 
the  unloading  of  the  main  landing  gear  due  to  deceleration. 


w 


Wll*  **  i‘r 


3. 


USE  OF  HANDBOOK 


The  use  of  this  handbook  is  predicated  on  the  fact  that  a  good 
•  physical  description  of  the  aircraft  is  available. 

. 

By  going  through  each  section  it  is  then  possible  to  obtain  the 
coefficients  necessary  to  solve  the  landing  stopping  distance 
equations.  These  coefficients  are  (in  general  terms): 

i 

n  Thrust  Factor  (negative  for  reversed  thrust) 

p  Foiling  Coefficient  * 

K 

*  Pg  Braking  Coefficient 
C^  Lift  Coefficient 

Cp  Drag  Coefficient 

Also,  the  weights  section  permits  an  evaluation  of  each  aircraft 
component  contributing  to  the  coefficients.  Each  section  is 
self-contained,  i.e.,  reference  to  other  sections  is  not  required 
to  obtain  an  answer. 

The  general  procedure  for  each  item  considered  is 

1.  Obtain  a  good  physical  description 

2.  Determine  the  initial  conditions 

3.  Enter  the  appropriate  section 

A  detailed  sample  problem  follows. 

4.  SAMPLE  CALCULATION 

The  sample  calculation  will  use  the  Northrop  F-5A  aircraft  as  the 
example.  The  lift  and  drag  characteristics  at  the  touchdown  velocity 
are  calculated  using  the  methods  of  Section  III.  The  braking  and 
rolling  coefficients  are  calculated  in  Section  IV.  Due  to  lack  of 
data,  representative,  generalized  values  of  the  Section  V  data  are 
given.  Weight  increments  of  the  various  devices  considered  are 
calculated  by  Section  VI  methods. 
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Some  of  Che  physical  characteristics  of  the  F-5  have  been  modified 
In  this  calculation  In  order  to  facilitate  the  purpose  of  ths 
sample  calculation*  namely*  to  illustrate  the  use  of  the  handbook. 

The  physical  characteristics  are  listed  below.  In  addition* 
various  assumptions  are  made  as  noted  at  appropriate  places  with¬ 
in  the  calculations. 

r* 

i 

A.  COMPUTATION  OF  THE  LIFT,  DRAG,  AXD  TOUCHDOiy  VELOCITY  FCT  AH 
AIRCRAFT  IN  THE  LANDING  CONFIGURATION. 

1.  Step  1  -  Aircraft  Data 

The  list  of  the  required  data  is  given  by  forms  provided  in 
Section  1II-5A.  These  have  been  filled  out  with  the  chosen 
date  end  ere  listed  below. 

2.  Stem  1  -  Airfoil  Section  Characteristics 

a.  From  Table  III-l,  for  NACA  Section  65-006  (assume  section 

character 1st ics  of  6SA-004.8  are  equivalent  to  Section  65-006) 

1.  Oq  .  ■  0.0  degrees 

2.  -  .105  per  degree  (6.02  per  radian) 

5.  C,^  -  .« 

k.  For  XACA-Type  sections  calculate: 

1.  Oo  •  R(«t  -  S.12)Ctl 

where  Ctt  -  0.00  (airfoil  section  designation) 

®i  ■  0.0  degrees  (Table  III-2,  NACA  6-Serfes, 

Ctl  -  0.0) 

K  ■  0.76  for  NACA  6-digit  series 
o#  ■  0.0  degrees 

2.  -  2«  +  4.7  (|)  (1  ♦  ,003754TE) 

where  £  '  .048  (airfoil  section  data-input) 

4n  ■  5.(5  degrees  (Figure  3-4h) 

.  Cg^  ■  6.76  per  radian  (■  .114  par  degree) 


DATA  ACQUISITION  LIST 


X.  Basic  Wing  Data 


I.  Airfoil  Data 

a.  Type  Section 

b.  t/o 


2.  Planform  Data 
a.  Sjot 
k  Sfxe 

C.  Alc.Ac/4 

d.  AR 

•  • 

f.  TR 
9-  TRex* 
h.  c 


XC.  Fuselage  Data 


n 


i 


230 


•if 


t  /. 

e.  d/b 

t 


43.0* 


ft. 


m.  High  Lift  Device 

L  Trailing  Edge  Flap  • 


* 

i 

•» 

o.  Type 

Single  Slotted 

m 

'  b.  Cf/c 

.260 

- - 

i  '  ■* 

C.  Cf/C* 

.260 

- 

.  '  H 

• 

d.  c'/c 

1.000 

. 

*'*.  f* 

t.  Jf 

15*2 _ 

_  decs 

v"  ■  ■ 

t  •* 

• 

t  bf/b 

.270 

___ 

f-  v.  • 

• 

g.  bfi/b 

.231 

— 

• 

h.  bf9/b 

.50 

. 

*  j  ,  • 

K  _(. •  t!  f  f  .} 

4 

• 

L  3, 

•  *  • 

*L2 _ 

_  ft* 

2.  Leading  Edge  Device 
o.  Type 

b.  Cjj/c  or  c  ^4#  _tiL 


c.  cVc 

>-W> 

d.  I* 

•  -22 _ 

deg*. 

• 

e.  b4  /b 

.58 

• 

• 

t  $4 

84.0 

14  f 


* 


35T.  Miscellaneous  Data 

a  (t| 

b.  W 

c.  Wt 
d  F„ 


t  f  f 


M  -  4 

3.  C,  •  (C.  ),  +  t  L.  C, 

*anx  (djx  lass  M  ••  1  **  **** 

vher*  (CtMX)b4M  ■  .80  (Figure  3-7,  for  Ay  ■  .93  from 

Figure  3-6)  ‘ 

Ai  ■  0.00  (Figure  3-8b,  Ay  ■  .93,  Z  camber  a0.5, 

XtMAX  “  ,4°* 

§ 

*2  C*max  "  0,19  *Fi8ure  3_9»  &y  ■  *93*  cmax  ■  ,40) 

ea 

Aj  CUjv  -  -0.125  (Figure  3-10,  Ay  -  .93,  RNW  - 

1.2  x  10s  (V  *  250  ft/«*c.)  - 
extrapolated  from  available  curves 
la  Figure  3-10) 

Ag  Cj _ -  0  (Figure  3-11,  assume  no  NACA  standard 

roughness) 

hence,  C|_„  •  .86  (Summing  (cj,>TT)h,ra  •«*  AC^^  values) 

3.  Step  3  -  Wins  Alone  Characteristics 

m.  ®c  ■  0.0  degrees  (use  value  from  Step  2,  part  a.) 


V 


2  wAR 


*♦( 

-  2  2 
4»*AJT 

T~T~ 

1  +  (TanALE  -  ^ 

{m))2] 

TUi 

+4  > 

l 

.  C*o 

uhere  -  6  .02  per  radian  (use  value  from  Step  2,  part  a.) 


At  -  3. 75 

n  •  .2 

*u  ■  32.0  degrees 

lance,  ••  3.63  per  radian  (•  .063  per  degree) 


16 


where  »  2.0  per  radian  (baaed  on  body  frontal  area) 
■  2.0  -  .141  (based  on  reference  area) 

-1.19  (Figure  3-20,  £  -  .230) 

t 

-  0.345  (Figure  3-20,  ~  -  .230) 


New 


-  Uae  exposed  area  aspect  ratio  and  taper 


ratio  and  calculate  CL  as  in  Step  3b. 
.  -  3.12 


*EW 


-  -  .244 


Cl*m 


-3.31  per  radian  (-  .058  per  degree) 


a.  .  120.9  ft* 


lance. 


•ur  '  *tot  ’  1,0  ,e* 

CSn  -3.94  per  radian  (>  .069  per  degree) 

The  final  value  for  the  aircraft  le  then: 

Or  -  (Ct  ♦  Or  )  /  !. 

“TOT  %  ^Wi 


■  3.79  per  radian  (-  .066  per  degree) 


etau|B 


h=d 


CL«4Xw 


ahere 


CWajt 


-  .96  (froa  Step  3c.) 


(Figure  3-21,  {  -  .230, 


(0 


(c2  +  1)AR  TanAj^  -  3.72, 

C2  -  .90,  Figure  3-16,  TR-.246) 


Hence,  CtM4Y  ■  .89 
MAXWB 


m  J  '  _ 

where  aCt  -  20.7  degree* 

X 


a- 


.«7  (Figure  3-22,  -  .230, 

(C2  +  1)AK  TenAjjj  -  3.72) 


Hence,  a^,  -  18.0  degrees 

TIAXui 


5.  Step  3  -  High  Lift  Devices  -  Trailing  Edge  Flaps 
Single  Slotted  Flop 

Flop  chord  to  wing  chord  ratio,Cp^c«.260 
Deflection  eagle,  dp  ■  AS* 

Flop  Spen,  bpy^  ■  .270 

laboerd  flop  edge  location  tfcF*/g  ■  *222 

Outboard  flap  edge  location  ,bpQ^  -  .  501 

Vlng  area  affected  by  flap  deflection,  Sp  »  5A  ft2. 

For  e  single  slotted  part-span  flap,  Section  3  of  Step  3  applies i 
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b. 


AC  »  .96 

& 

ACl  -  ACi 


(Figure  3-34,  jp  =  45*. 


CF/(,  -  .260) 


where  ACt  »  .96  (part  5a  above) 


ft)- 

.63  (Cj^  *3.79  (part 

4b),  C£q  **  6 

.02  (part  2a-)) 

f (“6>CL 

-  1.36  (Figure  3-32, 

pSJHT. 

AR  -  3.12, 

(a  A  <Cl4>a 

<s>c4  "?v7  ' 

#  AC..  .  ,  . 

.  [  —1)  (Jl\m 

\  6f  I  \cla) 

-.212) 

-  .385  (Figure  3-33,  ^  - 

.27,  TR^  - 

.246) 

Hence,  AC^  -  .317 


c.  Ci  •  3.79  per  redlen  (■  Ct  ) 

WB 

ACL 

d.  Aa0  -  ^  (Ci) 


where  ACL  -  .317  (Step  5-3b.) 

Clo  -  3.79  per  redlen 
C}  ■  1.2  for  AR  <  4 


Hence,  Ae0  ■  -3.73* 


..  te^ -t,  k2  k,  ( 


Wi _ )t...  •  1.003  (rifur.  3-27,  j  -  .041,  Cury.  C) 

kj  ■  1.013  (Figure  3-28,  Cp^c  -  .260) 
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k2  -  1.000  (Figure  3-29,  6j  -  45*) 
k  3  -  1.000  (Figure  3-30,  I,  -  4S#) 

Hence,  AC^  -  1.02 

i.  ^  <1  -  .M  c*  aW4)  c-V*^ 

where  -  1.02  as  above 

-  8f  ■  34  ft2  (gives  data) 

sglF-  170  ft2 

•  *«/«•**. 

4C|^|  ■  «2S) 

*•  AaClHAX  Mm,i  *"***• 

t  . 

where  ACj^  •  .203  (Stag  3f.) 

•  • 

•  3.79  per  radien  (Step  4b.) 

Hence,  AaCl^  *  -2.1* 

end  “Cihax  *  l5«9* 

6.  Step  6  -  High  Lift  Devicee  -  Lead  ini  Edee 
Leading  Edge  Plain  Flap 

Leading  Edge  flap  chord  to  wing  chord,  Cd/C  •  .« 

Deflection  angle,  4g  -  30* 

Leading  Edge  flap  spaa  ratio,  bg^  -  .51 

Ving  area  influenced  by  deflected  leading  edge  flap,  tg-td.O  ft 


.  _  _  Aa 

••  ACt  -  cia  T 


a 


r'; 


V‘ 

. 

Jl  . 

*%?  i  j; 

£ 

-*»  . 


n\.- 


fcV-J 


where  C£a  *  6.02  per  radian  (Step  2. a) 

~  -  .27  (Figure  3.40,  Cd/Q  -  .15) 

d  -  30  degrees 
*  Hence,  AC^  ■  .85 


(Figure  3-32,  AR  ■  3.12,  («g)c  ■  -.284, 


•  .73  (Figure  3-33,  bd/b  -  .58,  X  -  .246) 
Bence,  AC^  -  .50 


3.79  per  radian 


4. 


«Mn  •  .90 

•  •  3.79  per  redian 
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Hence,-  AaQ  ■  1.5  decrees 


e.  AC 


*roax 


where 


....  ' 

(“fr)  -  -0253  (Figure  3-41,  Cd/C  -  .13) 


«d  "  «*  . 
Hence,  ^ciMkX  m  *38 


(1  -  .08  Co,**...)  Co.5rt* 


l.  40^  -  *CW  j—  »  -  .v  w.-.c/4,  «c/4 


where  AC 


w 


-  .38 


Sj  •  84.0  ft*  (given  deu) 


*REF  "  170  U  ' 


AC/4  "  2A*°  ?®8rMB 
Hence,  ACl^^  ■  .164 


AClMAX 

-  tocw  *+ 

where  acLj^  " 

Cl^-  3.79  per  redlen 


Bence,  Aac 


Sax 


2.5  degreee 
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*  ---eP  ~  —  Landing  Lift  Characteristics 


For  .  wing  with  a  single  slotted  trailing  edge  flap  (i.-ls*) 
and  a  plain  leading  edge  flap  (!d  .  30.),  tlle  foll(wlnj  llft 

characteristics  were  calculated: 


°°  ’  a°clean  +  A®of  +  Aaod 

.»  Where  ao  ~  win8  wlth  deflected  flaps/devices  angle  of 
aero  lift 

°°clean  "  0,°*  “  angle-of-zero-lift  for  wing  without 
deflected  flaps  or  devices  ■  0* 

A°°F  -  -5.75*  -  increment  of  zero-lift-  «»gle-of-attack 
for  wing  with  deflected  T.E.  flap 

Aaod  "  +  1*5'  -  increment  of  zero-lift  angle-of- 

attack  for  wing  with  deflected  leading  edge  flap 
Hence,  a0  .  -4.25* 


k. 


"  3|?,  P«  radian  (Step  5c.) 


*’  ^  +4C4<*Xr  +“l«AXd 

’**”  Ct*ttX*-0  '  <Cl«Fwl  -  Step  4c)  -  maximum  lift 

coefficient  for  wing-body  combination 
with  undetected  flapa/devicee. 

^HUp  -  .283  (Step  5f  -  T.E.  Flaps)  -  increment  of 

■Mimum  lift  coefficient  for  treil- 
lng  edge  single  slotted  flap. 


24 


ACjmax^j  ■  *164  (Step  5f  -  L.K.  Flaps)  -  increment 

of  maximum  lift  coefflclant  for 
leading  edge  plain  flap. 


Hence,  CLmax  -  1.34 


*'  °Vx  "Xu.  +4x« 

PlAX  nAXyj  PlAXp  T-'AXj 

where  a^.  *  18,0*  (Step  4c.) 

Si 

Aoq  -  -2. 1*  (Step  5g  -  T.E  Flaps) 

**^Xp 

•  2.5*  (Step  5g  -  L.E.  Flaps) 


Hence,  0(j.  •  18.4* 

SlAX 


r 


••  CL  -  cLa  («  "ao> 


Therefore  for  a  ■  9*,  Cj,  »  .878,  using  previously  cal¬ 
culated  values  of  and  aD,  and  assuming  a  linear  lift 
cur  e  from  aQ  to  a  »  9*, 

and  for  a  ■  0*,  ■  .281 


8.  Step  8  -  Touch Jown  Speed 
The  touchdown  velocity  1st 


W  -  FN  Sin  (afc  -  y) 
.00119  Ci^p  SREp 


1/2 


where  H 


-  12,000  lb. 
•  0  lb. 
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Therefore  V, 


260  ft/sec.  ■  154.6  knots 


Step  9  -  Aircraft  Minimum  Drag  (Wo  High  Lift  Devices) 


Landing  gear  drag  -  The  assumed  wing  reference  area  is  170  ft 
The  empirical  method  b.  therefore  applies: 


where  W. 


therefore 


The  Reynold’s  number  of  the  wing  and  fuselage  (standard 
sea  level  conditions)  arei 


00636  V_  MAC  x  10 


260  ft/sec 


TD  fuselage 


260  ft/sec 
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M 


!.  The  total  minimum  drag  coefficient  is  therefore 

CDmIn  ^nmin  +  ^^min  + 

wing  fuselage 


where  ■  #0135 


^®min 

fuselage 


-  .0156 


^LG 


.0377 


and  "  *0668 


Step  10  -  Draj»  Due  To  Lift  -  Clean  Win 


ACi>i  "  TIarT  (1  +  A1  A2>  +  kd  a3 

wh*re  CLDl  -  ClTD  "  Cldes  1  -778  (CLtd  -  .878,  CLe 


At  -  3.75 


Aj  ■  .014  (Figure  3-44,  TR  ■  .20,  AR  •  3.75) 

Ag  ■  1.19  (Figure  3-45,  A^  ■  24*,  AR  -  3.75) 
KD  -  1.00  (Figure  3-47,  AIP  -  32*) 


Aj  •  0.010  (Figure  3-46a,  yanJ* -  *  .49  (■y9*»oCl 

SlAX 


J  -  .  J(Cj  +  1)AR  Co«Ale  |(C1  4-  1)(C2  +  1) 

f(C2  +  1)AR  TanALE 


o 


o 

( 


where  CA  -  .48,  Cg  ■  .52,  Aft  -  3.75, 

Ay£  "  32*,  resulting  la  J  ■  2.81) 

Hence,  ACq^  -  .062  • 

*  /i 

11.  Step  11  -  Drag  Of  High  Lift  Device* 
a.  Trailing  Edge  Plapa 

1.  Minimum  drag  coefficient  of  a  tingle  slotted  flap  let 

4C°»i.  '  4C«n.,  S  lt 

Clap 

where  ACdfUi)  -  .082,  (Figure  3-48b,CF/c  -  .260,  8r  -  45*) 

\  -  .385  (Figure  3-33,  bp/k  -  .27,  A  •  .246) 

IF  •  (1.  +  .00667  6r)  -  1.3  (A,  •  43*)  for  48  «  4.0 

Hence,  ACg^  •  .041 
flap 

2.  The  drag  due  to  lift  of  a  flap  it: 

ACDl  -  K' 

lflap 

where  ■  1.32  (Figure  3-49a -  3-49c  AX  »  '.73, 

n°  ■  ^0/^/2*  .50,  ng  ■  .231;  extrapolate 

► 

from  the  three  point  curve  obtained  to 

AX  -  3.75) 

ACl  -  .317  (Step  6b.) 

*  AX  -  3.75 

Hence,  ACg.  »  .0113 
‘flap 


(4s.)> 

i  AX 
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b.  T.onJin 3  edge  devices 


For  a  leading  edg;-  flap 


ACDmtn 

device 


(1  -  Cos5d)  f 


where  6^  -  30* 

bd/b  -  .5 6 

Cd/C  -  .15 
Sd  -  84  ft2 

-  170  ft2 
REF 

and  ■  .00577 

Assume  ACj).  ■  0. 

device 


l2.  Step  12  -  Drag  Of  Additional  Drag  Devices 

For  this  sample  calculation  it  is  assumed  that  the  aircraft 
utilizes  a  speed  brake  and  a  drag  chute  as  deceleration  devices 
during  the  landing  ground  roll.  The  minimum  drag  Increments 
of  these  devices  are  calculated  below: 

a.  Spoilers  -  Assuming  no  spoilers  are  used  on  the  aircraft, 

a  panel  area  of  6.42  ft2, 
By  equation  (III-50): 

where  Sln6gB  ■  .707 
*s,  ■  «•«  “2 

*u»  •  170  ft2 


6CpSp  ■  0.0 


b.  Speed  Brake  -  The  Speed  Brake  has 
and  a  maximum  deflection  of  45*. 

ASB 

’ref 


ACDsb  -  1.13  Sin«SB 
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.0302 


TV.-i't  fore  'Cr,  = 
l,S3 


c.  Drag  Chute  -  Th”  aircraft  utilizes  a  15-foot  diameter 
ring-slot  type  parachute  as  a  deceleration  device  during 
the  landing  ground  roll.  The  calculation  method  for 
drag  chute  minimum  drag  coefficient  is: 


&C°DC  "  iCDoc 


Schute 

SRFF 


where  Schute  -  176.5  ft2  (-  jr  Dg2,  where  Dc  -  15  feet) 


and  assuming  a  value  of 

ACj)o  ■  0.55  (Reference  11  -  design) 

(based  on  the  parachute  canopy  area),  the  drag  chute 
drag  coefficient  can  be  calculated  based  on  airplane 
reference -area,  SRJ.R  as: 


ACDdc  -  0.572 


d.  Thrust.  Reverser  Door  Deployment:  For  the  aircraft  equipped 
with  thrust  reversers,  the  base  drag  coefficient  of  the 
thrust  reverser  doors  when  fully  deployed  is: 


..  n  -  TR 
"  0,5 


where  the  average  base  pressure  coefficient  is  -0.5 

STD  ■  6  ft2  total  base  area  of  the  fully  deployed 

iK 

thrust  reverser  doors 
SREF  *  »0  ft* 

Therefore,  6CDtr  ■  0.0175 
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13.  Step  1  -  T ota 1  ''raw  Coefficient 

Sunning  the  drag  terms  calculated  In  Steps  9  through  12, 

the  total  aircraft  drag  coefficient  at  touchdown  is  calculated: 


C»TD  *  CD»in  +  iCDi  + 


Step  Step 

9  10 


+1C»min  +4C»»ln 
flap  flap  device 

Step  11 


+(ACDmin) 
DD 


Step 

12 


vhere  -  .0668 

flCDl  -  .06*0 


ACd  -  .0113 
tlap 


^In  -  .0410 
flap 

AC°mln  "  .0058 
device 

(&Coain)  "  0  .00  (at  touchdown) 

00 


Therefore,  ■  .1869  at  o^  ■  9'"' 

Similarly,  Cn  ■  .1378  at  a  -0* 

u  8  J 


No  spoilers,  speed  brakes, 
drag  chutes  or  thrust 
reversers. 


B.  WHEEL  BRAKING 
1.  Given  data 

Same  aircraft  as  In  Section  II,  Subsection  A. 
GW  -  13,500  lb. 

No  anti-skid  system 
V  -  100  knots 

Tire:  Type  VIII  22  x  8.5-11 
Assume  .8  GW  on  main  gear 
Dry,  Wat  and  Icy  runways 
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2.  Solution 


a.  Dry  Runway  * 

1.  To  find  the  tire  footprint  area  (Subsection  6)  the  values 

of  D  ,  W,  and  D-  are  found  in  Table  IV -4: 
o  i 

D  -  22.00 
o 

tf  -  8.50  V  Type  VIII,  22  x  8.5-11 
Df  -  12.75 

2.  Using  equation  (VI-19)  for  type  VIII  tires,  the  net  foot¬ 
print  area,  A^,  is  calculated: 


An  -  .404 (Do  -  Df)  /(DqW)  -  .16 (Dq  -  Df ) [ (DTw)“-.16(Do-Df)] 
-  44.1  ln2/tira 

3.  For  a  non-anti-skid  system,  the  y  Is  calculated  using 

IV|  9 

equation  (tV-12)  in  Subsection  3: 

y  •  f (V)(.837  -  0.00099  ) 

avg  *n 

where,  F  -  .8(GW)  -  10,800  lb. 
mg 

A  -  88.2  in*  (Two  tires) 
n 

f(V)  -  cx  +  C2v  +  C3V2  +  C4V3  +  C5V4 

where,  *  1.0 

C2  -  -.24492  x  10-1 

C3  -  .3368  x  10"  3 

C4  -  -.20098  x  10"5 

C5  -  .42539  x  10-® 

For  V  -  100  knots,  f(V)  •  .334 
Hence,  ■  .238  for  dry  runways 
Assume  ■  .025  for  dry  runways 
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C.  THRUST 

For  the  Sample  Calculation,  it  1*  assumed  that  the  air¬ 
craft  is  equipped  with  a  barrel  mounted  target-type 
thrust  reverser.  From  this  section,  the  following 
generalized  statements  can  oe  made,  since  sufficient 
information  on  the  installation  and  performance  of  the 
reverser  is  unavailable: 

Reverser  Effectiveness:  n  ■  -  .60  (For  aft  fuselage 

mounted  engines 

with  inlets  far  forward) 

Cutoff  Velocity:  V  -  20  Knots 

Plume  Shape:  This  is  dependent  upon  aircraft  speed  and 
engine  noxzle  pressure  ratio.  For  a  . 
general  example  of  how  to  use  the  chart 
provided,  see  Subsection  7. 

D.  WEIGHT  PENALTY-EVAmATIOM 

1.  Trailing  Edge  Flaps  (Single-Slotted) 

V  -  5.17  (S)-94  Cfrl-1) 

where  S  -  Flap  planfora  arts  -  19.0  ft* 

V  -  8}  lb. 

2*  Leading  Edge  Flaps 

V  -  4.65  (S)1,05  (VI-3) 

9 

where  S  ■  Device  planfora  area  -  12.30  ft 
W  -  65  lb. 

3.  Boundary  Laver  Control:  No  BLC  Incorporated;  V  ■  0.0  lb 

4.  Spoilers:  No  Spoilers  Incorporated;  U  ■  0.0  lb. 

5.  Drat  Chute  (Ring  Slot) 

WRINC  *  2«W(Oc)1,41  (VI-6) 

where  Dg  -  15  feet  (canopy  dlametar) 

WRINC  -  55  lb. 
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«  N  (>.2  f .000380  (KK)3^4J 


Wheel  Hr  *<» 


V 


BS 


1/2 


+[.000330  (KE)3/4‘)  (VI-7) 

where  H  •*  Number  of  Tiro?  .-.’ith  Brakes  (  ■  2  tires) 

KE  *=  Kinetic  Energy  Design  Factor 
(Assume  *  10^  ft/ lb ^ 

WBS  -  161  lbs. 


7 ,  Thrust  Revcrscrs  (Deflecting  Engine  Primary  Tas'-s) 

U  w  .  l  ll.n  ,  fL  and  D.  _  in  inches)  fVI-9l 
tt  tt 

where  L  •  Overall  Tnrust  Reverser  Door  Length, 
(Assume  *  24  inches) 

■  Overall  Diancter  At  Engine  Flange, 

(Assume  «  18  inches) 

Therefore, W  -  47.5  lb  per  door,  95  lb.  per  reverser  and 
,  190  lb,  per  aircraft. 

8.  Speed  Brakes 

W  -  .0185S  (KIAS)  (VI-10) 

where  S  ■  6.24  ft^ 

KIAS  **  Knots  Indicated  Airspeed, 

(Assume  KIAS  «  200  Knots  Maximum  Limit 
For  Deployment  of  Speed  Brakes) 
Therefore,  W  ■  23  lbs. 
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E.  DEC/'  RATION’  F^C'S  DURI.V.  TAPPING  GROUND  ROLL 
1.  General 

Uiing  equations  (11-1)  through  (II-4),  the  following 
expression  for  total  deceleration  force  nay  be  derived: 

CW  JL 

Deceleration  Force  ■  —  V  « 

I 

•  • 

T  -  D  -  yt  (GW  -  L)  J—  %  +t  (GW  -  L) 

x»*  '  C* 


For  thla  sample  problem,  the  fallowing  calculations  of 
total  deceleration  force  were  made: 

Case  1.  At  touchdown  (V  •  VTO,  -  9*),  no  thrust 

reversal;  speed  brakes,  drag  chute  ;\ot  deployed. 

Case  2.  During  landing  ground  roll  (V  -  100  kts, 

o  -  0*),  with  speed  brakes,  drag  chute 
S 

deployed;  no  thrust  reverser  installation. 

Case  3.  During  landing  ground  roll  (V  -  100  kts, 

a  -  0"),  with  thrust  reverser  installation 
8 

fully  deployed;  no  speed  brake  or  drag  chute 
installation-. 

The  following  aircraft  geometric  constants  are  used  in 
each  case: 
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Rts<_  Gr osa  V.'vijht,  GW  =  12000  lb.  (includes  leading  edge 

an!  trailing  c-’gr  rlnps,  wheel  brakes  and  systems) 

l  *=  20.0  feet 

x 

mg 

l  =  17.7  feet 

x 

eg 

t  ■  4.2  feet 

z 

eg 

t  «*  4.5  feet 

*TL 

Case  1  (V  -  154.6  knots,  a  ■  9°) 

-  —  -  —  .  ^  • 

For  Case  1,  the  following  values  are  used: 

CW  -  12000  lb.  (Base  Weight) 

T  “  0  (Net  Thrust.) 

CD  -  .187  (Section  III) 

CL  -  .878  (Section  III) 

VT[J  -  154.6  Kts.  (Section  III) 

Maero  *  ®  (No  data  available) 

q  -  J  p  V2  -  80.5  lb/ft2 

®REF  *  170  “2 

D  “  2560  lb.  (Drag  -  CDq  S{  R) 

l  =  12000  lb  (L  -  CLq  SREF> 

■  .025  (Section  IV) 

y_  ■  .238  (Section  IV  -  Dry  Runway) 
o 

Inserting  these  values  in  the  equation  above  results  in: 
GW  • 

—  V  «  2560  lb. 

8 
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3.  '  Case  2.  (V  =  100  knots,  *  0*) 

For  Case  2,  the  following  values  are  used: 

T  -  0  (Net  Thrust) 

Cq  -  .740  (Section  III  -  Basic  aircraft  + 
speed  brake  +  drag  chute) 

CL  -  .281  (Section  III,  -  0*) 

V  -  100  Knots 

M  *  0  (No  data  available) 

Ac&O 

q  -  33.6  lb/ft2 

m  * 

’hep  ■  1,0 

0  -  *230  lb  (D  -  C,o  S^) 

L  -  1605  lb  (L  -  Cjq 

tiR  -  .025  (Section  IV) 

-  .238  (Section  IV  -  Dry  Runway) 

GW  ■  12078  lb.  (3ase  weight  4-  drag  chute  and  speed 
brake) 

Inserting  these  values  in  the  total  deceleration  force 
equation  results  in: 

—  V  «  632.’  lb. 

t 

4.  Case  3.  (V.»  100  knots,  n^  •  0*) 

For  Case  3,  the  following  values  are  used: 

1  ■  nFc  -  tan  Drag 

where  Ffi  •  4770  lb  (at  V  •  100  knots) 

Raa  Drag  ■  410  lb  (at  V  •  100  knots,  ■  78  lb/sec) 
n  ■  -.60  (Section  V)  . 

T  -  -3270  lb 

CD  -  .1553  (Section  III,  *0*  Basic 

airplane  +  thrust  reverser  door) 

C.  -  .281  (Section  III,  o  -  0a) 

1  8 

GW  -  12167  lb.  (Base  weight  4-  thrust  reverser 
less  speed  brakes) 
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V  *  100  kts. 

M  ■  0  (No  data  available) 

aero 

q  -  33.6  lb/ft2 

SB„  -  170  ft2 
REF 

D  -  885  lb.  . 

L  -  1605  lb. 

■  .025  (Section  IV) 

yo  ■  .238  (Section  IV  -  Dry  Runway) 

D 

Inserting  these,  values  In  the  total  deceleration  force 
equation  results  In: 

—  V  -  6368  lb. 

g 

Summary 

From  the  calculations  in  cases  2  and  3  above,  it  is  evident 
that  the  subject  aircraft  equipped  with  thrust  reversers 
(n  «  -.60)  has  a  deceleration  force  slightly  greater  than 
the  deceleration  force  of  the  subject  aircraft  equipped  with 
a  15  foot  diameter  ring-slot  drag  chute',  at  a  ground  speed 
of  100  knots.  Solving  for  V,  the  aircraft  deceleration  can 
be  determined;  the  deceleration  integrated  with  respect  to 
time  results  in  the  aircraft  velocity,  which  in  turn  can  be 
Integrated  with  respect  to  time  to  determine  the  landing 
ground  roll  distance  from  touchdown  to  runway  exit.  This 
evaluation  is  outside  the  scope  of  this  handbook,  but  digital 
computer  programs  can  be  written  to  facilitate  a  landing 
ground  roll  calculation  of  the  nature  described  above. 
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SECTION  III 


COMPUTATION  OF  THE  LIFT,  DRAG,  AND  TOUCHDOWN  VELOCITY 
FOR  AN  AIRCRAFT  IN  THE  LANDING  CONFIGURATION. 


1 .  GENERAL  ,  . 

Based  on  the  sensitivity  study  discussed  in  Section  II,  the  most 
important  factor  that  determines  the  landing  stopping  distance  (LSD) 
is  the  touchdown  velocity  see  Figure  3-1.  The  touchdown 

velocity  is  the  speed  at  which  the  airplane  first  comes  into  contact 
with  the  runway  during  a  landing  maneuver.  For  example,  in  the 
extreme  case  of  vertical  landing  (V^  *0),  LSD  is  sero. 

From  classical  aerodynamics  the  equation  for  lift  is: 


1  •  <t_  ‘  ■<  •  SRCT 
TD 

and  at  the  instant  before  touchdown, 

W  -  L  Cos  y  +.  T  Sin  (o  +  ij  -  y)  +  D  Siny 
for  y  <  4*  this  can  be  approximated  by 


(III-l) 


(HI-2) 


W  -  L  +  T  Sin  (a  +  iT  -  y) 


and  solving  for  the  touchdown  speed  in  knots  for  a  sea  level  standard 
day. 


KW  -  T  Sin  (a  +  i_  -  y)\  1  W. 


If  a  description  of  the  airplane  is  given  then  the  weight  (W),  wing 
area  (S),  and  thrust  level  (T)  are  easily  determined.  The  angle-of- 
attack  (a)  and  (y)  flight  path  angle  are  normally  given.  However 
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::::::::: 

>■•«•«<•••  •  - - —  T  f - 1  r  >  w*  S  fceei 

•  ••*#•«■«  •  «»«**•*  *4  •fl*««9944M#< 
•••••• *#a*«o*o  ••••4  sofa 


AIRCRAFT  F-5 

GW  «  11,500  lbs. 

F-5  Design  Point  *i 
V.  «150  Knots  (Touchdown) 


F-5  Drogue 


Chute 


NOTES:  •  ' 

1.  All  decelerating  devices  c.:e  assumed 
to  act  from  the  touchdovn  point  ~tQ 

2.  Vco  indicates  the  velocity  (kts)  at 
which  the  thrust  reverser  is  cut-off 

3.  n“  where  *  reversed  thrust 

Tg  Tc  -  Sea  ieve)  static 


military  thrus t 


Sensitivity  of  F-5  Landing  Distance  to  Effectiveness 
of  the  Various  Factors  Affecting  Landing  Distance. 


FIGURE  3-1 


CTjTD  is  not  easily  obtained  if  only  geometrical  information  is  known. 

A  method  of  determining  C^p  from  geometrical  information  is  pre¬ 
sented  by  Subsection  5-G. 

Once  Cltd  is  known,  (and  therefore  VTD  is  known)  one  must  be  able 
to  compute  the  aerodynamic  drag  of  the  airplane  in  order  to: 

1.  Be  able  to  determine  the  effect  of  drag  on  the  LSD. 

>  . 

2.  Determine  the  rate  of  sink  at  runway  contact.  Many  current 

aircraft  use  neither  a  flare  technique  nor  a  power  off 
approach. 


where  Sin  y 


Again  thrust  (T)  and  weight  (W)  are  known  for  a  given  airplane.  The 
drag  is  given  by: 


D  •  CD  •  "  •  SRBT  ««-«> 

and  for  a  sea  level  standard  day 

D  -  .0034  <VApp)2  •  SRFF  •  C„ 

The  procedure  for  obtaining  Cp  will  be  given  in  Subsections  5-1 
through  5-M. 


It  is  the  Intent  of  this  report  to  show  how  Cj^p  end  Cp  can  be 
obtained  for  any  conventional  aircraft  in  the  landing  configuration. 
This  handbook  and  the  computer  program  (Reference  1)  were  developed 
for  this  purpose.  This  handbook  provides  the  necessary  data  and 
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procedures  with  which  to  perform  hand  calculations.  Comparisons 
with  actual  aircraft  data  are  included. 

£  « 

2.  SCOPE 

Studies  of  aircraft  landing  performance  have  shown  that  there  are 
7  parameters  to  be  considered  when  computing  the  landing  stopping 
distance.  These  are: 

1.  Weight 

2.  Thrust  (Idle  or  Reverse) 

3.  Wheel  Braking 

4.  Aerodynamic  Pitching  Moment 

5.  Aerodynamic  Lift 

6.  Aerodynamic  Drag 

7.  Touchdown  Velocity 

It  ia  the  purpose  of  this  section  to  provide  an  engineer  with  a  tool 
with  which  he  can  readily  determine: 

1.  Aerodynamic  Lift 

2.  Aerodynamic  Drag 

3.  Touchdown  Velocity 

The  only  required  knowledge  of  the  airplane  is: 

1.  Detailed  Geometry 

2.  Weight 

3.  Thrust 

3.  METHODS  VAUDATIOW 

A.  PREFACE 

To  determine  if  the  methodology  and  procedures  used  were  valid, 
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comparisons  were  made  with  several  manufacturer's  low  speed 
aerodynamic  data.  The  amount  of  data  available  was  limited. 
Comparisons  were  completed  for  the  following  aircraft  in  the 
landing  configuration  (gear  down,  flaps  extended): 

1.  Boeing  B-52H 

2.  Douglas  A-4C  __ 

3.  McDonnell  F-4  .  r  . 

,  4.  Northrop  F-5 

5.  Republic  F-105 

The  comparison  plots  (Figures  3-2a  through  3-2u)  show  the  cal¬ 
culated  points  (by  computer  program)  and  the  manufacturer's 
data.  The  following  information  was  compared: 

1.  aQ  angle-of-attack  at  zero  lift 

2.  lift  curve  slope 

3.  maximum  lift  coefficient 

4.  °cLviax  angle-of-attack.  for  maximum  lift 

5.  Cq  minimum  drag  coefficient 

6.  Cdtd  total  drag  coefficient  corresponding  to  the 

lift  coefficient  at  touchdown 


B.  DISCUSSION 

A  discussion  of  the  differences  will  be  made  in  two  parts.  The 
first  part  (1)  gives  general  reasons  that  are  common  to  all 
aircraft.  The  second  part  (2)  discusses  each  aircraft. 


1.  General  Reasons 

One  particular  problem  for  evaluation  was  that  the  aircraft 
manufacturer's  data  usually  show’d  both  the  L.E.  and  T.E. 
devices  deflected  simultaneously.  This  prevented  determining 
their  Independent  and  Interdependent  effects. 


a. 


Lift  Characteristics  (aD, 


In  highly-swept-wings,  the  angles-of-attack  required  to 
obtain  the  maximum  lift  coefficient  are  only  of  academic 
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interest.  These  high  angles  (>  20°)  are  normally  larger 

than  the  airplane  ground  clearance  angle.  For  this  reason 

most  manufacturer's  arbitrarily  cut  off  the  data  above 

some  given  angle-of-attack  (a  =  20°).  Therefore,  actual 

comparisons  of  a q  and  Ct  •  were  not  always  available. 
flAX  ■  iIAX 


Drag  Characteristics  (Cgo  Cp.^)  •  \ 

there  were  several  unknown  factors  that  contr'lV  Led  to  some 

differences  in  the  drag  comparisons.  They  we  .  e 

1,  Landing  Gear  Drag  -  Since  no  accurate  methods  for  com¬ 
puting  landing  gear  drag  were  uncovered  during  the 
literature  search,  an  empirical  method  was  developed. 

This  was  based  on  several  aircraft  manufacturer's  data.' 
The  results  are  shown  in  Figure  3-42  and  Step  9  of  the 
Computation  Methods  Subsection  5.  Some  manufacturer's 
data  show  ACdL(,  to  be' a  function  of  C^,  some  do  not. 

2,  Airfoil  Information  -  Most  aircraft  use  some  type  of  NACA 
section-modified.  Accurate  descriptions  of  these  mod¬ 
ifications  were  unavailable.  A  principal  unknown  was  the 
design  lift  coefficient  which  could  effect  the  drag-due- 
to-lift  characteristics. 


3,  Trim  Drag  -  Some  aircraft  manufacturer's  data  did  not 
provide  sufficient  detail  to  determine  the  effects  of 
trim  drag.  The  methods  used  did  not  compute  trim  drag. 
Comparison  at  lift  may  therefore  be  questionable  If  in 
the  actual  case  trim  drag  is  significant. 

Touchdown  Characteristics  (C^  V,^) 

There  are  two  significant  factors  (and  one  minor  factor) 

influencing  the  touchdown  characteristics: 

1,  ag  -  Angle-of-Attack  at  Touchdown  -  This  is  a  function  of 
pilot's  visibility,  aircraft  geometry,  and  glideslope. 
Only  «n  estimate  of  the  aircraft  ground  clearance  angle 
was  available  and  therefore  was  used  as  the  only  criteria. 
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2.  F>j  -  Power  Used  During  a  Landing  -  No  power  information 
was  available  and  ao  zero  power  was  used. 

•  3.  v  -  The  Flight  Path  Angle  at  Touchdown  -  The  Pllght'Path 
Angle  at  touchdown  la  of  tome  significance.  Currently, 

military  fighter-type  aircraft  do  not  use  a  flare  tech** 

•  *'■  , 

nique  for  touchdown  and  ao  there  la  some  effect  of  power 
and  available  ground  clearance  angle. 

f  * 

2.  Discussion  of  the  Particular  Airplane 

«e.‘  * 

a.  B-52H  -  Comparison  of  the  B-52H  estimated  data  with  manufact¬ 
urer’s  data  is  presented  by  Figures  3-2a,  b  and  c.  The  B-S2H 
lift  characteristics  are  algniflcantly  affected  by  the  air¬ 
craft  fuel  load  and  wing  flexibility  characteristics.  The 
methods  described  in  this  handbook  do  not  attempt  to 
account  for  wing  flexibility. 

The  flaps  on  the  B-52H  are  divided  into  four  sections  on  the 
wing.  These  effects  cannot  he  calculated  since  the  handbook 
determines  flap  effects  for  two-section  flaps. 

The  landing  gear  drag,  as  obtained  from  Boeing,  shows  a 
decrease  in  with  increasing  . 

The  design  lift  coefficient  for  the  wing  was  unknown  and 

so  a  -  .1  was  assumed. 

*  •  •  vv 

b.  A-4  -  Comparison  of  tha  A-4  estimated  data  with  manufacturer’s 
data  is  presented  by  Figures  3- 2d,  e  and  f.  Landing  gear  drag 
data  for  the  A-4  was  unavailable.  Trim  drag  data  was  also 
unknown.  Datailed  slat  geometry  was  unavailable  and  so  approx¬ 
imations  to  the  amount  of  extension  of  the  chord  were  msde. 

The  tern  "slats  automatic"  means  that  as  tha  angla-of-attack 

is  Increased  the  slat  extension  Increases:  assumed  ■  0. 
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F-4  -  Comparison  of  the  F-4  estimated  data  with  manufacturer's 
data  is  presented  by  Figures  3-2g,  h  and  i.  The  F-4  man.- 
ufacturer's  data  was  arbitrarily  cut-off  at  a  ■  20°. 


c. 


The  data  presented  for  6p  «  60“-  also  included  BLC  effects. 
The  remaining  data  had  no  BLC  effects.  The  nomenclature 
for  the  L.E.  flap  (30°/60 */60e)  indicates  the  flap  was 
constructed  in  3  sections  with  the  inboard  sect  :  n  deflected 
only  30*.  .  CLpES  assumed  *  0. 


The  F-4  ACpy, 


decreased  with  increasing  C 


d.  P-5  -  Comparison  of  the  F-5  estimated  data  with  manufacturer's 
I  data  is  presented  in  Figures  3—2 j  through  3-2r.  Accurate 

landing  gear  drag  data  was  unavailable.  The  term  (23*/188) 
for  the  leading  edge  flap  indicates • the  flap  is  constructed 
and  deflected  in  two  parts.  T.E.  flap  translation  was 
unknown  (if  it  exists).  ClDE2  assumed  »  0. 

e.  F-105  -  Comparison  of  the  F-105  estimated  data  with  manufact¬ 
urer's  data  is  presented  in  Figures  3-2s,  t  and  u.  Very 
limited  aerodynamic  data  was  available.  Trim  and  separate 
T.E.  and  L.E.  device  effects  were  unknown. 


The  ACj)  showed  an  increase  with  increasing  C. .  The  maximum 
Ui  L 

lift  data  was  arbitrarily  cut-off  at  a  *  20*. 

Accurate  geometry  data  was  unknown. 

Closing  Comments  -  If  an  accurate  evaluation  of  an  aircraft's 
landing  characteristics  Is  to  be  made  by  use  of  thi3  method 
it  la  Imperative  that  accurate  detailed  geometry  is  available. 

For  evaluation  of  the  touchdown  conditions,  angle-of-attack  and 
rate-of-sink  (flight  path  angle)  limitations  must  be  known. 
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4.  CENTRAL  DESCRIPTION  OF  COMPUTATION  METHODS 


•  -0 


A.  PREFACE 

The  following  paragraphs  dascriba  the  Methods  and  procedures  that 
were  used  to  coepute  a  conventional  aircraft's  low  speed  sad 
CQ.  The  study  was  based  priaarily  on  the  USAF  DATCOH  (Reference 
-2  )  and  supplemented  with  data  froa  ARC  RAM  2622  (Refereaei 

3  ).  In  addition,  some  eapirical  functions  have  been  Included. 
These  empirical  functions  are  based  on  data  obtained  froa  real- 
aircraft.  (References  4  through  9  )• 

Basically  the  Methods  t 

1.  Use  exlstlv  Methodology  to  deteraine  a  logic  aad  baste  for 
conpi’i'ug  and  Cp. 

7  .«odlfy  the  existing  eapirical  Methods,  so  that  good  results 
are  obtained  based  on  several  real-aircraft  data. 

The  procedures  involved  are  based  on  certain  observations.  la 
the  low-speed  flight  reglae  the  wing  with  Its  hl^b-llf t  devices 
generates  most  of  the  and  CQ.  For  Moderate  angles-of-atteck 

body  Influence  1%  alnor  unless  the  body  width  Is  large  rnapsred 

*• 

to  the  wing  span.  The  vertical  tall  has  no  effect  on  and  only 
a  minor  effect  on  C0.  The  effect  of  the  horlsootal  tall  Is  argu» 
aentatlve,  considering  that  i 


a. 


b. 


For  large  aspect  ratio  swept  wing  configurations  (bonbers, 
transports,  etc.)  the  hotlsontsl  tall  has  only  a  Minor  ef¬ 


fect  on  C,  and  C, 


D’ 


For  conventional  fighter  type  aircraft  with  nornal  tall  am 
and  horltontal  taiT  area  less  than  .3  wing  area,  the  effect 
is  snail.  Trln  drag  is  not  high  and  the  reduction  in 
due  to  trln  conpensates  the  Increase  la  doe  to  lifting 
surface  area  Increase. 
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c.  For  pure  delta  wing  aircraft  the  "horixont.'.l  tail"  ia  included 
In  the  wing. 

d.  Unique  designs  where  large  tail  areas  and  short  tail  arms  have 
appreciable  effects  are  not  considered  within  tjie  scope  of  this 
study. 

Because  of  the  low  velocities  usually  involved  during  landing 
ground  roll  calculations,  the  airplane  dreg  is  usually  small 
compared  with  the  other  decelerating  forces  employed.  There** 
fore,  except  in  extreme  cases,  inaccuracies  in  computing  drag 
are  tolerable.  To  obtain  the  first  order  answers  required  for 
the  analysis  included  herein,  the  alrcr.'t  is  considered  to 
consiot  of  wing- body  combinations  with  high  lift  devices.  Ef¬ 
fects  of  dihedral,  twist,  and  spanwlse  variation  in  airfoil 
section  and  thickness  are  neglected. 

>.  miggmgg 

Thors  are  a  few  retirements  for  the  type  of  wing  geometries  that 
can  ha  calcul'-.tJ.  They  arai 

1.  TV  ••*ing  oust  have  constant  section  type  and  thickness 
.atle. 

i.  Ho  dihedral. 

3.  Bo  twist. 

4.  Leading  and  trailing  edges  must  be  straight  line  , 

Approximations  for  wings  that  contain  the  above  geometry  can 

usually  ha  aada. 

«•  UFT  DEVICES 

Thu  types  of  high  lift  devices  that  were  considered  for  the  com¬ 
puter  program  were  those  that  could  be  compared  with  actual 
opera t leg  aircraft.  They  were 

Trailing  Bdge  Flaps t 
Flats 
Split 

Slagle-slotted 

Double-clotted 

Fouler 
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Leading  Edge  Devices 
Flap 
Slat 

For  high  lift  devices  not  considered  In  the  above  list  represen¬ 
tative  values  for  aerodynaflic  characteristics  are  given  in  the 
handbook  section.  Boundary-Layer-Control  (1LC)  data  on  existing 
aircraft  was  non-existent  except  for  one  isolated  case* 

* 

D.  -COMPUTATION  PROCEDURE 

The  computation  procedure  employed  in  the  determination 
of  and  C^  will: 

1.  Determine  the  necessary  geometric  parameters*  sock  ae  wing 
area*  flap  deflection*  mean  aerodynamic  thord,  etc.) 

2.  Determine  the  wing  airfoil  section  characteristics  by  using 
either  Table  lll-l  or  the  empirical  relationships  of  pages 

85  arid  91  ; 

3.  Compute  the  ving  alone  lift  characteristics ( 

4.  Compute  the  effect  of  the  fuselage  on  the  lift  characteris¬ 
tics; 

After  selection  of  the  type  of  trailing  edge  flap* compute  its 
increment  to  the  Ilf  t  characteristics; 
i.  If  a  leading  edge  device  is  used*  compute  its  increment  ts  the 

/ 

lift  characteristics; 

7.  Determine  the  angle-of-attack  at  touchdown  and  compute  thr 
corresponding  lift  coefficient; 

8.  Determine  the  touchdown  velocity  and  Reynold's  numbers; 

9.  Compute  wing  and  wing- body  zero-lift  drag; 

10.  Determine  the  flaps-up  drag  due  to  lift; 

11.  Determine  the  flap-down  Increment  to  zero-lift  drag  and  drag 
due-to-llft; 

12.  Sum  all  the  above  contributions  for  total  lift  and  drag  co¬ 
efficients. 
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RESULTS 

The  rcbclts  of  the  computation  consists  of: 

1.  Lift  Characteristics  -  No  High  Lift  Device 

a  Angle  of' Attack  at  Zero  Lift 

o 

C.  Lift  Curve  Slope 


cw 


Maximum  Lift  Coefficient 


a.  -  Angle  of  Atteck  for  Maximum  Lift 

2.  Lift  Characteristics  -  With  High  Lift  Device 


Seme  as  above  plus: 

Lift  increment  due  to  device  j  a  ■  0 
Lift  increment  due  to  device  9  C, 


cw 


3.  Dreg  Characteristics 

C_  Zero  li*t  dreg  coefficient 

(0 

S  Induced  drag  at  C. 

i  Sd 

C.  :.ift  coefficient  @  V__ 


Vjj  Touchdown  velocity 
Cp  Total  drag  coefficient  9  C^ 


COMPUTATIONS  -  MANUAL  (Equations,  Methods,  Procedures,  Tables 

and  Graphs.) 


Before  beginning  any  computation  (either  by  computer  or  by  hand) 
Che  physical  data  described  on  pages  81  through  86  are  required. 

To  facilitate  the  gathering  of  this  Information,  an  aircraft  "Data 
Acquisition  List"  has  been  provided  (see  pages  83  to  85). 

Graphical  descriptions  of  this  geometry  is  given  in  Figures  3-4a 
through  3-4h. 
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STOf  TOTAL  WINS  AREA  I  ALf 


^EXI^  ^EXP^^EX*- 


Figupe  3-4*  Wing  Ne»«»el«tiro 


TREy/CT/CEXP 


FIGURE  3-4b  Section  Nomcnelotoro 


) 


1.  Input  Data  Require— nf 

Whether  the  computer  program  la  used  or  hand  calculations 
ere  to  be  made  the  following  geometrical  date  moat  be  know 
(See  Flguraa  3-4a  through  Wh  for  explanatlooa )  t 


Variable 


t/C  . 

♦n 

*>kux/c 


Description  Baits 

AIRFOIL  SECTION  CHARACTERISTICS 

Airfoil  Section  Designation  Iategar 

Maximum  Thickness  Ketlo  - 

Trailing  Edge  Included  Angle  Dags* 

Position  of  Max  Thickness  Along  Chord 


* 


WIMS  PLAXFORM  CMAIACT1MSTICS 


Hot 

Wing  Area  -  Total  Plaaform 

Ft* 

SEXP 

Wing  Area  -  Exposed  Pamela 

Ft* 

Alk 

Leading  'Edge  Swop  Anglo 

Dags 

At 

Aspect  latlo  •  Total  Plaaform 

- 

Aspect  Ratio  -  Exposed  Panola 

- 

rr. 

Taper  Ratio  -  Total  Plaaform 

- 

Ttn? 

Taper  latlo  -  Exposed  Panels 

# 

- 

FUSELAGE  CHARACTERISTICS  * 
d/b  Max.  Fuselage  Diameter  to  Wing 

Span  Batlo 

Ag  Max.  Cross  Section  Area  of  Fuselage  Ft* 


C*/C 

CF/C» 

C'/C 

«F 


THAI LIWC  EDGE  FLAP  CHAIACTEKISTICS 

Flap  Type  Integer 

latlo  of  Flap  Chord  to  Undeflected 
Airfoil  Chord 

Ratio  of  Flap  Chord  to  Deflected 
Airfoil  Chord 

Ratio  of  Deflected  to  Undeflected 
Airfoil  Chord 

Flap  Deflection  Angle  Dags. 
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Variable 


Description 


Flap  Span  to  Wing  Span  Ratio 
Area  of  Wing  Effected  by  Flap 


Cd/c.^/c* 


Integer 


LEADING  EDGE  DEVICE  CHARACTERISTICS 


Device  Type  ] 

Ratio  of  Device  Chord  to  Airfoil 
Chord  (Deflected  or  Undeflected) 

Ratio  of  Deflected  to  Undeflected 
Airfoil  Chord 

Device  Deflection  Angle  D 

Flap  Span  to  Wing  Span  Ratio 

Area  of  Wing  Effected  by  Leading 
Edge  Device  F 


Aa  additional  input  requlreaent  la  the  airfoil  section 
aorodyaanlc  character  la  tics.  Since  nost  aircraft  use  tone 
font  of  aa  KACA  airfoil  section,  the  section  characteristics 
are  anally  obtained  froa  TabloIH-L  If  the  section  used  can 
not  bo  approxtaated  froa  this  table  then  the  procedures 
shown  pages  |J  and  91  can  be  used . 


The  preceding  data  is  sufficient  if  only  the  Lift  character* 
latlcs  are  to  bo  calculated. 


If  the  lift  characteristics  at  touchdown,  the  touchdown 
velocity,  and  the  drag  characteristics  are  desired,  then 
the  following  information  aust  be  obtained: 

Variable  Description 


I  Wing  Angle-of-attaek  at  touchdown  Dogs. 

Aircraft  Weight  Lbe. 

g  Aircraft  Enpty  Height  Lbs. 

t  Fuselage  Length  Ft. 

I  Fuselage  Width  at  Wing  Ft. 
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DATA  ACQUISITION  LIST 


I.  Basic  vying  Data 

I.  Airfoil  Data 


o.  Type  Soction 
b.  t/c 


tf.  (X,a«)/C 


C.  Fu$«lag«  Doto 


High  Lift  Device 

I.  Trailing  Edge  Flap  • 
o.  Type 

b.  Cf/c 

c.  cf/c* 

d.  c'/c 
•• 

t  bf/b 

g.  b#l/b 

h.  b#^/b 
L  $, 


3ST.  Miscellaneous  Data 

o.  a- 


b.  W 

c.  W# 
d  Fm 


MOTE*  TOM  DOUBLE  -  SLOT! 
DATA  IB  MEQUIMCO 

C  | /C  *  ^  /c* 

cn.Ai»  2  /c' 
^PUM 


a  •  ^ 

'  - .  ■  *%  mm  if  * 


— —  SSSSIliilM  Bjjm, 

*w«t  Fuselage  Wetted  Area  pt2 

^  M**n  Aerodynaalc  Chord  Pt 

**1  14110  of  F1*P  w£«  Inboard  Position 

*7*  Wing  Sealspan 

S  **tlo  of  Flap  Edge  Outboard  Position 

•7*  to  Wing  Sealspan 

fM  Met  Thrust  at  Approach  Speed  Lbs. 

•*  ***-*-  ~  AIMFOTL  SECT  tow  ruiDtrrrf.T?TTrrf 

l.  %t,m  MCA  airfoil  .Oct loo  1.  u„d,  .  good  .pproslll,clon 

**  from  th.  folio-1  o,  tabl.  (TabL,„-0.  ,.celon 

MU  required  is: 

•*  -  Aagle-of-attack  at  aero  lift  -  Degs. 

Ci*  -  Lift  curve  slope  -  per  Dega. 

CIm  "  lift  coefficient 

i.  »  «..  «!■«  tfp.  .act  loo  1.  o.^  fot  ,**„  „„ 

~1“*  *"  — »*U.  ««  -  ■PPr.alMtloo  using  e, 

•ration  glvee 


*.-f- - ~ — - 

J  (l-j<  )  C 

0  c  c  c 

i*nra  s  in  the  airfoil  section  chord  location 
jr  the  thickness  corresponding  to  x 
C  is  the  airfoil  section  chord 

for  MACA  type  sections 


-  Indians 


••  * 1  *■»  *  ’  e«, 

**”  **1  U  th*  dMl»»  *»**  eoafficlaot,  f.o.  Table  lll-t. 
*1  U  th*  *•**•  ~fla-of-.tt.ck,  fro.  Tabla  III-2. 

®.fj  for  MACA  4-dlglt  ssrles 
1.01  for  MACA  9-dlglt  series 
0.74  for  MACA  «-dlglt  series 
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TABLE  III  -  1  (Continued) 


TABLE  III-2 

THEORETICAL  LOW  SPEED  AERODYNAMIC  CHARACTERTISTICS 
OF  VARIOUS  AIRFOIL  MEAN  LINES** 


! 

MEM  LINE 

1  (deg)  • 

C  at  C 
BC/4  .  *1 

REMARKS 

Four-Digit  Series 

' 

1 

» 

- 

62 

0.9 

2.81 

-0.113 

For  other  NACA  four-digit  mean 

63 

0.8 

1.60 

-0.134 

lines,  multiply  the  correspond- 

64 

0.76 

0.74  i 

-0.157 

lng  6-percent  camber  ^C.  ,o.  and 

65 

0.73 

0  i 

-0.187 

*1  1  ; 

66 

0.76 

-0.74  » 

-0.222 

C  by  the  ratio  of  the  caA-l 

67 

0.80 

-1.60  J 

-0.266 

■c/4  J 

ber  designators,  i.e.  (2/6),  j 

• 

» 

i 

(3/6),  (4/6),  (5/6).  ! 

! 

Five-Digit  Series 

0.30 

0.30 

\ 

i 

i 

j 

•  i 

♦ 

210 

2.09  i 

-0.006 

For  other  NACA  five-digit  mean 

220 

1.86  > 

-0.010 

lines,  multiply  the  correspond-1 

1  230 

0.30  j 

0.30 

0.30  j 

I 

1.65  ; 

-0.014 

lng  C.  ,a.  and  C  by  the 

1  240 

1.45  S 
1.26  | 

» 

-0.019 

li  1  V* 

!  25Q 

! 

1 

-0.026 

f 

ratio  of  camber  designators, 
i.e.,  (3/2),  (4/2),  (3/2), 
(6/2). 

6-Serles 


•0 

1  1.0 

4.56 

j  -0.088 
,  -0.086 

0.1 

'  1.0 

■  4.43 

0.2 

«  i.o 

4.17 

'  -0.094 

0.3 

1.0 

i  3.84 

!  -0.106 

0.4 

•  1.0  . 

;  3.46 

i  -0.121 

0.5 

!  i.o 

•  3.04 

'  -0.139 

0.6 

1.0 

2.58 

i  -0.158 

0.7 

j  1.0 
1.0 

;  2.09 

*  -0.179 

0.8 

1.54 

-0.202 

0.9 

1.0 

0.90 

-0.225 

1.0 

.  1.0 

0 

-0.250 

For  NACA  6-series  airfoils, 
multiply  the  corresponding 
mean  line  C.  o.  and  C 

‘i  4  *t/« 

by  the  ratio  of  design  lift 
coefficients. 


*  "Corresponding1*  cambers  are  those  for  which  the  chordviaa 
position  of  maximum  camber  is  the  same. 

**  Lift  coefficient  is  based  on  airfoil  chord. 
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For  C<  the  following  equation  can  be  used 
*a 

C1q  «  2*  +  4.7  (t)  [l  +  .00375  *T£J  (per  r.d.) 

A  reduction  in  C,  due  to  surface  roughness  can  be  obtained  from 
‘a 

Figure  3-5. 


< 

K 


To  obtain  ^imax  the  next  expression  may  be  used  ••  K  .  • 

M-4  *  *  1 

cw •  cw,.  ,f(4y)+M;  ‘i'w'w 

(base)  M-l 

where  f(Ay)  -  an  airfoil  profile  factor,  defined  at  6%C,  which  can 
either  be  computed  or  obtained  from  Figure  3-6  . 

Ca  -  A  base  max  lift  coefficient.  Figure  3-7. 

^l^lmax  "  Effect  of  airfoil  camber  &  location,  Figure  3-8a  and 

3-8b.* 

jCj  -Effect  of  airfoil  thickness,  Figure  3-9. 

■ax 

A-C.  -  Effect  of  Reynold's  number,  Figure  3-10. 

■ax 

A^C^  -  Effect  of  surface  roughness,  Figure  3-11. 


WING  ALONE  CHARACTERISTICS 

The  wing  alone  angle-of-attack  for  zero  lift  is  equal  to  the 
airfoil  section  aQ  for  the  restrictions  placed  on  the  air¬ 
craft  geometries  that  are  to  be  considered. 

2.  C,  A  good  estimation  of  the  wing-alouu  lift  curve  slope  can  be 
obtained  from  the  following  expression. 


(III-5) 


The  maxlaua  lift  coefficient  is  largely  dependent  on  aspect 
ratio.  FOr  purposes  of  this  method,AR  selection  is  based 
ea  the  following  relationship: 
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ay 

(X  CHORD) 


THICKNESS  RATIO 


FIGURE  5-6*  Variation  of  Leading-Edge  Sharpness  Parameter  with 
Airfoil  Thickness  Ratio. 


r..: 

*4 

Cj 

/ 

m 

3 

i*:;  i 

-• 

.OV 

rr 

fl 

POSITION  OF  MAX 
THICKNESS  (X  CHORD) 


PREDOMINANT 

TRAILINC-EDCE 

STALL 


PREDOMINANT 
LEADING-EDGE  STALL 


(LONG  BUBBLE)  (SHORT  BUBBLE) 


Ay  (X  CHORD) 


FIGURE  3-7:  Airfoil  Section  Maximum  Lift  Coefficient  of 
Uncambered  Airfoil*. 


MAX. CAMBER  \T  15%  CHORD  ti 


CAMBER  (Z  CHORD) 


CAMBER  (Z  CHORD) 


MAX.CAMBER  AT  30Z  CHORD 


MAX. CAMBER  AT  40Z 


CAMBER  (Z  CHORD)  f 


Ay(Z  CHORD) 


MAX. CAMBER  AT  50Z  CHORD 


CAMBER  (Z  CHORD) 


Ay(Z  CHORD) 

FIGURE 3-Sb*  Effect  of  Airfoil  Canber  Location  and  Amount 
on  Section  Maxlaua  Lift. 


For  Maximum  Caaber  6  30%  Chord  2 


POSITION  OF  MAXIMUM 
THICKNESS  (X  CHORD) 


3  MAXIMUM  CAMBER  AT  50%  CHORD 


Ay(%  CHORD) 


FIGURE  3-9:  Effect  of  Position  of  Maximum  Thickness  on 
Section  Maximum  Lift. 


REYNOLDS  NUMBER 


Ay(%  CHORD) 


|:][j 

t-r*« 

rr4' 

3h 

ftfi} 

iil 

FICURK3-I0:  Effect  of  Reynolds  Number  on  Section  Maximum  Lift. 


0 


0  1  2  3  4  $ 

Aj(x  atom) 


FIGURE3-llt  Effect  of  NACA  Standard  Roughness  on  Sactlon  Kaxiama  Lift. 
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High  AR 
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I 


FIGURE 3-12!  Taper  Ratio  Correction  Factor 
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FIGURE 3—13:  Subsonic  Maxinua  Lift  of  High-Aspect-Ratio  Wings 


T 
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Subsonic  Maxi  mux.  Lift  of  Wings  with  Position  oi  >i*x  Thickness  at  or  Forward  'of  ?5  Percent  Chord 
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Subsonic  Maximum  Lift  of  Wings  vlch  Position  of  Max  Thickness  Between  35  fc  50  Percent  Chord 
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D.  STEP  4  -  FUSELAGE  EFFECTS  ON  LIFT 
*1.  a 


Assume  no  change  in  a  due  to  the  fuselage, 
o  o 


2.  The  effect  of  the  fuselage  on  the  lift  is  considered  to  be 

a  composed  of  three  (3)  parts: 


e.  Fuselage  Nose  -  Kg' 

b.  Wing  lift  in  presence  of  fuselage  -  Kg 

> 

c.  Lift  ou  fuselage  due  to  wing  -  Kg 
'Such  that , 

V  *  £  h +  V, +  1 CL  « 


(B) 


00 


“WB 


'(B) 


'<») 


“exp  s 


EXP 

REP 


(III— 6) 


Kg  -  Z  per  radian  based  on  body  frontal  area  (Ag) 

K,  and  K  from  Flgujre  3-20. 

(B)  B(W) 


is  the  exposed  lift  curve  slope  computed  by  the  a 


'EXP  equation  as  Step  3b  using  exposed  planfora  geometry. 


EXP 


and  Sggp  sre  the  exposed  planform  and  aircraft  reference 
areas  respectively. 


From  empirical  analysis  of  data  for  existing  aircraft,  the  final 
value  is  given  as 

CL  "  <°L  +  h  >  /2 

“tot  °W  °1B  (111-7) 

where  was  obtained  in  Step  3b. 

“W 


3. 


Sax 


The  wing-fuselage  maximum  lift  coefficient  can  be  obtained 
from  the  following  equations: 


111 


.it  SJKSfi 


body  diameter,  £ 
wing  span  b 


FIGURE  3-20  Lift  Ratios  and  “  Slender-Body-Theory- 

Fixed  Incidence  -  All  Speeds. 
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(CL  > 
MAX  WB 


(cLmax)m 


<v  > 

nAX  U 


where  the  ratio  (C.  )  /  (C.  )  can  be  obtained  frog 

rlAX  WB  /  «AX  W 

Figure  3-21  and  is  a  function 
f  [  d/b,  (C2  +  1)  AR  Tan  ] 

> 

(C.  )  cones  froa  Step  3c. 

'■  MAX  W 


To  conpute  the  angle-of-attack  for  maximum  lift 

<v  > 

(«c  )  -  nhX.  WB  (a  ) 

**“  “  “'ClKAX)W  “Vt  »- 


ttII-9) 


la\uv* 

where  the  ratio  7 - r -  is  given  in  Figure  3-22  and  (o_  ) 


cornea  froa  Step  3c. 


STEP  5  -  HIGH  LIFT  DEVICES  -  TRAILING  EDGE  FLAPS 

this  seclion  determines  the  changes  in  the  lift  characteristics  due 
to  '-he  use  of  a  trailing  edge  flap.  Five  types  of  flaps  are  con¬ 
sidered: 

1.  Plain 
Split 

3.  Single  slotted 

4.  Double  slotted 
3.  Fowler 


FIGURE  3-22  Wing-Body  Angle-of-Attack  for  Maximum  Lift 
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\  -i 

4  ' 

■*-1 

4 

• 

■  The  general  procedure  is  to 

1.  first  determine  the  changes  to  section  characteristics, 

2.  Then  account  for  planform  effects. 

The  methods  presented  are  those  that  give  the  best  agreement  with  real- 
aircraft  data.  Therefore,  some  empirical  constants  and  procedures  will 
be  used. 

The  nomenclature  that  will  be  used  in  all  the  cases  is  defined  below. 

AC.  -  increase  in  section  lift  coefficient  in  the  linear  C  range 
*  "q 

due  to  flap . 

AC.  -  Increase  in  wing  lift  coefficient  in  the  linear  C.  range  due 
to  flap.  a 

(C.  )  -  lift  curve  slope  of  the  flapped  airfoil  section  at  flap 

0  A 

deflection  A. 

(CL>  -  lift  curve  slope  of  the  wing  with  the  flap  deflection  A. 

a  A. 

AC^  -  Increase  in  section  maximum  lift  coefficient  due  to  flap 
max  deflection  A. 

A<*o  -  change  in  zero-lift  angle-of-attack  due  to  deflecting  the  flap. 

Ao(j.  -  change  in  wing  angle  of  attack  for  maximum  lift  coefficient 
tIAX  due  to  flap  deflection  A. 

Th*  various  types  of  flaps  and  their  effects  will  be  discussed  on  the 
following  pages. 


1*  JAlilLJEllP 

The  procedure  for  computing  the  plain  flap  AC^  is  unique  from 
the  others , 


a.  ACl>  wing  lift  increment  is  computed  directly  from 
A CL  -  XjX2*3  (FA/F6) 


(III-10) 
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where  FA/F6  -  F  (AR)  Figure  3-23 


X.  «  X.  (C  )  Figure  3-24 

1  1  */c 

X2-X2  («f)  Figure  3-25 

e 

X3  "  S  ^bF/  *  Fl*ure 


b.  CL  for  flap  deflected  la  the  aane  as  the  clean  wlngC^ 

a  a 

c.  da  the  change  In  the  aero  lift  angle-of-attack,.  la  obtained 

o 


f ror  the  relation. 


ACL 

t  (ci> 


(ni-u) 


where  ■  1.  for  At  >  4 
Cj-  -  1.2  for  A*  «  4 


d.  AC,  -  The  lncreeee  in  aectlon  eaxieua  lift  coefficient  Is 

sens 

obtained  f roe 

AC,  -k,  k,  (AC,  ) 

'fiu  1  1  ‘»u  bate 


where  (AC^  )  -  is  the  reference  increment  obtained  froa 

Figure  3-27,  curve  D  and  e  function  of  the  air¬ 
foil  thlckneaa  t/  c. 

k.  -  la  a  function  of  C_  correcting  for  the  baae  value  of 
1  'C 

C-  •  .25  (Figure  3-28). 

/c 

kj  -  la  a  deflection  correction  factor  accounting  for  the 
base  value  for  a  plain  flap  of  Sf  •  60°  (Figure  3-29). 

e.  The  wing  increase  in  C,  can  now  be  computed  from 

liAX 


(III-12) 


•'Lx  ■  4C*m  4  (1  -  -08  C0“2  #c/«>  C«3\m 


where  AC,  comes  from  part  d 
.  "max 

Sp  is  the  wing  area  affected  by  the  flap 

SreF  *8  t*ie  wing  reference  area 

*C/4  11  T‘”"1  C  T“  *U  -  Tl  V TiL)A»)  3 


f.  change  in  the  angle-of-attack  for  maximum  lift 

can  be  obtained  as  follows: 


for  /AR  <  4,  Aa_  -  -  .5  (  LMA X  ) 


AR  >  4,  An  -  0 

\ax 


Split  Flat 


The  section  lift  characteristics  for  the  split  flap  are  obtained  as 
follows : 


*•  »«,  -  *  >C, 


where  (AC^)^  ■  f  (4p  t/O  based  on  «■  .2  and  can  be  obtained 

*/C  ^ 

from  Figure  3-30. 

K  is  obtained  from  Figure  3-31  and  corrects  for  Cp  other  than  .2 

/c 


b.  AC 


-  k.  k2  (AC  ) 
■ax  *  *  max  l 


this  method  la  the  same  ea  for  the  plain  flap  but  is  briefly  repeated 

(AC  )  Figure  3-27 

Vuw  base 

k.  Figure  3-29 


Figure  3-29 
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c.  The  wing  increments  can  now  be  computed  from 


l\\  r«>cL  r 

AC.  -  AC,  I  ~  — — ------  ^ 

^  1  \°lj  <Vc. 


(III-13) 


where  AC&  is  obtained  from  part  (a) 


°L  - 


is  the  ratio  of  the  clean  wing  lift  curve  slope  to  the 


*£q  clean  section  lift  curve  slope. 


h>«.  j 
«*•*•  ("a)c 


is  obtained  f^wn  Figure  3-32 


K  ) 

lt  a 


«VS 


(c  ,  .  ACt(from  p«rt  (.)) 


°  dp  (flap  deflection) 


(CA  )  is  the  flapped  section  lift  curve  slope  whidi  for  a  split 

O  0 

flap  -  C. 


is  a  span  factor  correction  which  is  obtained  from  Figure  3-33. 


4.  C.  is  the  same  as  the  clean  wing-fuselage  lift  curve  slope. 

% 


e.  Aao  The  change  In  angle-of-attack  at  sero-llft  is  obtained  from 


(HI-1*) 


where  -  1.  for  AX  >  4 


<L  ■  1.2  for  A1  <  4 


If  M  % 


lamarifi 
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Bb^viaia 
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there  AC | com  fron  part  Ifc  . 

8^  la  tha  wins  area  af  fact  ad  tha  flap 

•  RKF  la  tha  wing  rafaranca  araa 

^•T“lCT“‘“-7iWir] 


**  .^C,  -  Tha  changa  in  tha  angle-of-attack  for 


lift 


can  ha  obtained  aa  followet 


fat  A*  <  4  Ae^  •  •  .3  {  , 


Al>4  Aa  -0 
ilAX 


Single  Slotted  Flaaa 


For  tha  purpoaaa  of  thla  atudjf  a  alagle-alotted  flap  la  cooaidarad 
to  hare  a  flxed-hlnge  poaltlon  (non-tranalatlag) 


a.  ACj  tha  aactlon  lift  lnereaeat  fa 


*  ■  *  “»•  V 


*ei 

from  Flgura  3-34 


h.  AC^  tha  wing  lift  Incraaant  la 
C.  (a.)- 

cf  s 

J  1 


(HI-14) 


Tha  datalla  of  thla  ara  daacrlbad  in  tha  apllt  flap  Section  3,  but 
la  briefly  repeated  hare 


n 
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- —  ratio  of  the  wing  to  section  lift  curve  slope. 


[;  .  «  ]  from  Figure  3-32 

<a«>c. 


from  Figure  3-33 


c.  for  the  flap  deflected  is  the  same  as  the  clean  wing 

d.  A«o  The  chenge  in  engle-of-attack  at  sero-llft  Is  obtained  from 


(111-17) 


1  **0  -  ^  (cp 


where  ■  1.  for  At  >  4 
Cj  -  1.2  for  AX  <  A 


e.  AC.  is  the  increase  in  the  section  maximum  lift  coefficient  and 

max 

as  described  previously 

AC.  -  k.  k,  k.  (AC,  ) 
max  1  *  3  max  base 

(AC,  ) 

max  base  Figure  3-27 
kj  Figure  3-28 

kj  '  Figure  3-2t 

kj  is  en  angle  correction  factor  obtained  from  Figure  3-35. 

f.  The  total  wing  Increment  in  lift  can  be  computed  from 

AClMAX  AC|max  Sill  (1  "  ,08  °°*2  KC/J  00 A  (III-18) 


where  AC,  cooes  from  pert  e. 
xaax 

'•  * 


Sp  is  the  wing  area  affected  by  the  flap 


S  is  the  wing  reference  area, 
K£r 


Ac/«  ■ 


■[ 


Tan  A.*.  - 


.  _  _  i.i— m  1 

LE  (1  +  TRJAIJ 


g.  Aoq.  -  The  change  in  the  angle-of-attaca  for  aaxlaua  lift 

ki»r 

*  can  be  obtained  as  follows: 


for  AR  <  4  A 


°Clmax 


■  -  .3 


V 


AR  >  4  tap.  ■  0 

chua 

Double  Slotted  Flap 

The  procedure  for  obtaining  the  lift  characteristics  of  s  double 
slotted  flap  is  as  follows: 

•  • 

a.  The  wing  lift  Increment  AC^  is  computed  directly  trom 

1CL-  [  (ll  V„,p  ,+  <‘l  l2l>rtap  j  j  h  <«/«>  (HU*) 

where  (X^  X^) Flap  1  li  th*  lncr#aent  based  on  the  total  flop 

chord  and  the  deflection  of  the  first  flap  and  Is  obtained  from 
Figures  2-24  and  3-3& 

(X*X„)  is  the  Increment  based  on  the  second  (  and  largest) 

1  •  Flap  2 

flap  chord  and  its  deflection  and  is  obtained  from  Figures  3-24  and 


3-37. 


Xj  from  Figure  3-26 
FA/F6  from  Figure  3-23 

b.  -  For  any  type  of  flap  where  a  translation  of  the  flap  chord 
0  occurs  the  lift  curve  slope  can  be  obtained  from 
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*******  3”3*x  Flap  Inflection  Correction  Factor  -  Double 
flottad  (lat  Flap) 


.  -  .  . 1  . 

W.i 

1 

x  .  .->>  'iti- 

•  \  ...  . 

tki 

S.  "  <CL  >  "  £  C  1  s  +  (CL  ) 

•a  Lai  C  I  *REF  La  d«C 
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e.  A <*0  The  change  in  angle-of-attack  at  zero-lift  is  obtained  from 


where  «  1.  for  Ak  >  4 


..  Cj  -  1.2  for  AX  <  4 


Cf/C  is  the  deflected  to  undeflected  wing  chord  ratio. 


d.  AC^  is  the  lrifcrcase  in  the  section  maximum  lift  coefficient  and 
tmX  as  described  previously 


\  k2  <AC,  ) 

max  base 


(AC  ) 

.  max  base  Figure  3-27 
k.  Figure  3-28 


kg  Figure  3-29 

kj  la  an  angle  correction  factor  obtained  from  Figure  3-35 


e.  The  total  ving  increment  in  lift  can  be  computed  from 


“hltt  ‘  “‘«x  >W  U  "  ■°*  C0‘"  W  CM"’AC/4  011-21) 


where  AC^  coses  from  pert  (d) 


-  v 

.  vrt-i" 


I j  is  the  ving  area  affected  by  the  flap 
*REF  **  th*  vln*  reference  area 
i  _  r  i  _ (1  -  T»  i 


*C/4  •  Ct“*u“TiV 


TX)AX 


,f.  Ao  -  The  change  in  the  angle-of-attack  for  maximum  lift 
T1AX  can  be  obtained  aa  follow#: 

^AX 

for  AX  <  4  Ao_  -  -  .3  (_  ") 

Sux  .  V 

•  .  <»  . 

AR  >  4  Ae_  -  0  ; 

%■« 


Fowler  Flap 

For  the  purpose  of  this  study  a  Fowler  Flap  is  considered  to  be  a 
single-slotted  flap,  that  when  extended  is  in  an  optimum  position* 

a.  AC&,  the  section  lift  Increment  is  computed  from 


AC1  -  4C'i 


where  AC'^  comes  from  Figure  3-38 


end  77T  ie  obtained  from  Figure.  3-39 
4 

and  is  a  function  of  (C'/C,  C )t 


1.  C* .  is  the  ratio  of  airfoil  chord  with  flap  extended  to 

'C 

airfoil  chord  with  flap  retracted. 

2.  C. .  jC  is  the  airfoil  section  (no  flaps)  lift  coefficient 

4/AC't 

et  a  10°  end  AC'^  comes  from  Figure  3-38 


b.  AC.  the  wing. lift  Increment  is 

cffirr1  ]  *»• 
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The  details  of  this  are  described  in  the  split  flap  section 
but  is  briefly  repeated  here 
ACg.lt  computed  aboye. 


From  Figure  3-33  • 

c.  -  Tor  any  type  of  flap  where  a  translation  of  the  flap  chord 
occurs  the  lift  curve  slope  can  be  obtained  from 

4-0.  (III-22) 

4.  Aaf  The  chante  in  angle-of-attack  at  sero-llft  is  obtained  from 


wwui ■  wuv  Axi  w  wui  w  exupn  uin  dc  i 

V  W  *  [(« -  ')  1  ]  V 


^  §"  (C1)  (HI-23) 

where  Cg  -  I.  for  Aft  >  4 
C|  •  1.2  for  Aft  «  4 

C'/C  Is  the  deflected  to  undeflected  wing  chord  ratio. 


e.  ICg  is  the  increase  in  the  section  aaxiaua  lift  coefficient  and 
wee  described  previously. 


(AC  ) 

wax  base 

(AC  ) 

•ax  base 

Figure  3-27 

*i 

figure  3-21 

** 

figure  3-2t 

kj  ie  an  angle  correction  factor  obtained  fro*  figure  3-33. 
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The  total  wing  increment  in  lift  can  be  computed  from 


ACI*AX  "  AC*max  (1  “  -08  Co»2  V/J  009  3'V/a  (HI-24) 


3/4. 


REP 


C/4J 


C/4 


where  AC^^  comes  from  part  e. 


S_  la  the  wing  area  affected  by  the  flap. 


SREF  **  tha  wing  reference  areal 


*C/4  ’  T*"_1 


T*“  *IE  ‘  VtriMt 


Aac  -  The  change  in  the  angle-of-at  tack  .for  maximum  lift 


Sax 

can  be  obtained  as  follows: 


i.  v-  •/ 
•r  A  '•  *  1 


for  AR  <  4  Aoq 


Sax 


,  /AClmax\ 


AR  >  4  Aoc, 
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F.  STEP  6.  HIGH  LIFT  DEVICES  -  LEADING  EDGE 


The  effects  of  two  types  of  leading  edge  devices  on  the  lift 
•  • 
characteristics  are  discussed  in  this  section.  The  types  are: 

1.  Flaps 

2.  Slats 


The  nomenclature  is  the  same  as  for  the  trailing  edge  flaps.'' 
The  procedure  used  for  calculating  both  types  of  devices  is 
the  sam$.  The  difference  is  in  the  reference  geometry. 

1.  Leading  Edge  Flaps 

The  section  characteristics  can  be  obtained  from 

(S 

where  is  the  clean  section  lift  curve  slope  from 

Step  2.  ° 


(^f)“  *  «W  from  ri8“re 

6  * >  the  deflection  in  degrees. 

./'  .  * 

/ 

f».  AC,  the  wing  lift  Increment  i s' 

' 


(111—25) 


The  details  of  this  are  described  in  the  split  flap 
section  3,  but  is  briefly  repeated  here 

ACg  is  computed  above. 


ratio  of  the  wing  to  section  lift  curve  slope. 


.<VC‘J 


frou  Figure  3-32 


f roa  figure  3-33. 


e.  for  the  flop  deflected  Is  the  same  as  for  the  clean 
*  wing  lift  curve  elope. 


J.  to  *  (.2) 
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e.  ACj  ie  the  increeee  in  the  section  maximum  lift 


coefficient  end  is  obtained  froa 

..  .rwu 


“*•  (~H 


is  obtained  froa  Figure  3-41. 


sad  4  is  the  deflection  (See  figure  3-40). 


f.  The  total  wing  increment  in  maximum  \Jft  can  be  computed 


front 


ACL  -  AC,  ~~  (1  -  .OS  Cos2  A  )Coa  3/V 

**KAX  4na*#Kf  C/h 


(111-27) 


okere  ACft  is  ccnputed.  above. 


g ^  is'  the  wing  area  affected  by  the  device 


I  __  is  the  wing  reference  area 
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in  the  angle-of-attack  for  maximum 

(III— 28) 

Lending  Edge  Slata 

For  the  section  characteristics 

••  (r) 6 

« 

«d»«rs  C"/C  is  the  ratio  of  the  wing  chord  with  the  slat 
extended  to  the  clean  wing  chord  (See  Figure  3-  4e). 


«•  X  -  The  change 
*  lift  Is 


La 


acl. 


4<ax 


MAX 


is  the  clean  section  lift  curve  slope  from  Step  2. 


(^)  ■  f  (Cj/C„)  from  Figure  3-40 


.  /  CL„  \  r  (“<5)c, 

h.  ACj,  the  wing  lift  increment  is  ACt  |  — — j  j  y— 


S  (HI-29) 


The  details  of  this  are  described  in  the  split  flap  section  3, 
but  is  briefly  repeated  here 

if;  is  from  pert  s. 

ratio  of  the  wing  to  section  lift  curve  slope. 


TO 
[$] 


from  Figure  3-32 


from  Figure  3-33 


e.  C  -  For  any  type  of  flap  where  a  tram  Ut Ion  of  the 
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c  flap  chord  occurs  tha  life  curvs  slops  can  bs 
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d .  to  Ths  change  in  angle -of-attsck  at  sero~-llft  la 
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s.  AC,  is  the  lac  lease  la  tha  sectlsa 


coefficient  and  la  obtained  froa 


O)- 


lift 


obtained  froa  Figure  J-41. 


and  4  Is  tba  deflection  .(Sea  Figure  1>40). 


f.  Tha  total  vlag  lncraaaat  la  aarlawa  lift  can  la  eoapstsd 
froa 

*Sux  ’  “*-«  ^  '  •**  e“*  *c«)C“J,**c/«  CTII-W 

where  AC-  Is  coaputed  above. 

*asx 

la  tha  wing  area  affected  by  tha  flag 


f  ___  ie  tha  wing  reference  area 


ft* 


-  The  change  in  the  angle-of-attack  for  eaxiaua 
lift  U 
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«TP7.  LMfP ISC  LIFT  CHAKACTERISTIC8 

Tte  landing  lift  characteristics  of  nodern  aircraft  are  a 
<— Ctloa  of  ,  tba  lift  curve  slope,  aQ,  the  aero  lift 

aagle-of-attack,  and  c  ,  the  angla-of-atteek  at  touchdown. 

8 

Hm  values  ef  4^  and  aQ  ere  available  froai  the  previous  steps 

,  the  eegle-of-etteck  et  touchdown,  nap  be  Halted  bp  one 
Che  follevlagi 
1.  Or  a  end  cleerence  eagle 
S.  Pilot's  visihilitp 

3.  late  of  siek  at  toucbdoue 

4.  Flare  teeheique  (sons  aircraft  use  a  flare  aaaeuver 
sad  som  do  not). 

3.  Control  effectiveness. 


the  lending  lift  coefficient  C,^,  then  bee  ones  i 

Clnm\  (*g  *  *o)  (III-34) 

where  C,  is  the  lift  curve  slope 

<e 

•#  is  the  aero  lift  angle-of-attack  with  high  lift  devices 

deflected. 


Will  Wet» 


““S.  'cw 


H.  STEP  8.  -  TOUCHDOWN  SPEED 

Tha  aircraft’s  touchdown  speed  can  now  ba  conputed  froat 


W  -  rH  Sin  («t  -  *>' 
)."  .00119  S  ^ 


Ft/Sac  (II1-33) 


Uhsre  W  Is  tbs  aircraft  weight  Is  pounds. 

I _ Is  tbs  sircrsfe  reference  area  in  ft* 

UP 

7g  is  the  net  thrust  of  aircraft  at  touchdown  la  lbs. 

Sg  Is  tha  aircraft  angla-of-attack  at  touchdown  In 

dagrsas. 

T  Is  tha  flight  path  angle  at  touchdown  In  dagraaa. 

C,  la  tha  lift  coefficient  at  touchdown  and  was  cal¬ 

culated  above. 


This  step  will  describe  tha  procedure  to  be  used  la  obtaining 
an  aircraft's  nlnlaun  drag.  This  la  the  drag  of  the  aircraft 
with  no  lift,  landing  gaar  extended. 

1*  jtffL  J>OI  * 

Mo  adequate  net  hod  for  eatlaatlng  landing  gear  drag  was 
found  during  the  literature  search.  The  following 
aaplrical  net  hod  was  found  to  glee  reasonable  results. 

a.  For  aircraft  whose  wing  area  is  nore  than  1,000  ft2 
a  value  of  4C^  •  .02  Is  reasonable.  These  ere 

nornally  bomber  or  transport  type  aircraft. 

b.  For  aircraft  whose  wing  area  is  less  than  1,000  ft2 
(fighter  type)  the  following  enpirlcal  net  hod  was  used 
based  on  the  data  shown  In  Figure  3-42. 


Af./S, 


(.275  fc 


-  6.1  G - )  (III-36) 
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USAF  Fighter  Aircraft 


for  the  purposes  of  conputing  eh#  slrcrsfe  nlnluun  drsg 
cosfflcisnt  the  velocity  of  ehs  slrcrsfe  is  considered  to 
ko  the  touchdown  speed  (f^)  fron  8  Up  t. 

■  • 

®*®*  kt  -wn  Chen  the  dreg  coefficient  conputetlon  ei 

proceed. 

*•  rmTlff  nirlTrt 

Ihs  Reynolds  Rusher  of  the  wing  (bssed  on  eee  level 
•  otenderd  condl  Clone) 

*•  ‘  00454  <v  o»o  » io*  cui-sn 

•here  MAC  Is  the  wing  neen  serodynenie  chord  -  ft 
Per  th«  fnnelege 

k*  "fwselege  *  * 00434  ^iT)  *  M5  ( 

4 fuselegs  U  length  -  ft. 


9.  Wlslnon  Dree  -  Vim*  end  Te^ 

Cf  (1  ♦  t  t/c  ♦  100  (t/c)4J  1,4  (Hi.) 

.  (the  fector  1.4  eccounu  for  the  toil  surfaces.) 

Mere  is  obt slued  fron  Figure  H3,  where  the  Rf  is 
confuted  in  (e)  end  the  retie  t/k  Is  e  surfece  finish 
fector.  For  e  wing,  I  -  MAC  (leches). 

FOr  slrcrsfe  the  following  k  values  <*«"  be  ueedi 

Retursl  (beet  Hotel  .14  x  10“ ■> 

Snooth  Feint  .25  x  10~9 

Csrsful  Csnouflsge  Feint  .40  x  10“ 1 
Production  Cenouflegs  1.2  x  10“3 
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•  5. 


Cg  here  Is  obtained  Iron  Figure  3-43  where  0  is  coeputri 
in  (b)  above  for  tt»  fuselage  and  i/k  again  la  a  surface 
finish  factor,  k  is  tbs  sans  aa  above  and  I  «  1^,  la 

Total  Mlnlnua  Prat  Coefficient 
The.  total  alnlnua  drag  coefficient  la  therefore 


CL  *  4CL  ♦  4CL 
Tlin  *Wln-  "Slln 
Mag 


(1IX-4D 


f.  «TP  10.  DtAC-DOE-TtMiFT  -  CLEM  I HM 
The  drag-due-to-llft  nay  be  obtained  f: 
expression 

S* 

“i..  *  -iw  «  ♦  *i  V  ♦  *D  *i 


where  C.  Is  the  lift  coefficient  to  be 
1  t?*e  drag  due-to-llft* 


the  fellowlag 


(111-42) 


for 


*V  \o  \u 


where  C,^  Is  tbs  lift  coefficient  at  touchdown 

la  the  wing  design  lift  coefficient 

Alt  la  the  wing  aapect  ratio 

A^  »  f  (At,  TK)  for  ^  ■  0  See  Figure  3-44 

Aj  ■  f  (A^,  0)  See  Figure  3-43 
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. 

| 
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neon  3-45  (vHf  Angle  Correct  ion  Factor,  gj 
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Aj  an  eeplricnl  correction  ,f(J,  a^,  «c  )  See  Pigiire  3-46; 

or  3-46b.  SiAX 

Kp  Is  an  empirical  correction,  f(AL(,  J)  See  Pigure  3-47 


whan 


J  -  .3  (Cx  ♦  1)  At  CosA^  ♦  1)  (C2  +  1) 

pC2  ♦  1)  AX  Tan  A^  2^ 


(111-43) 


where  C. 


la  obtained  f  roa  Figure  3-12 
la  obtained  f  roa  Figure  3-16 
la  the  angla-of-attack  at  touchdown. 


tTTP  11.  DKAC  OF  HIGM  LIFT  DEVICES 
1.  Tralllna  td^e  Flaoa 

Methods  available  for  couputlng  trailing  edge  flap  drag 
are  very  Halted. 

For  purposes  of  this  study,  flaps  were  considered  to 

be  of  2  typast 

Pwrftetffi  Slsu&l 

Plain  Slagle 

Split  Double 

Few’s r 


••  Mlniaue  Prsa 

TVs  alniaua  drag  o'  a  flap  Is  then  obtained  froa 


■■■■■■MM 

■■§■■■■■■■ 


■■•■■■MM 
■■■■■■■■■■ 
■  ■■■■■■MB 


Hawn 
aaaaaa 
anaaaa 

mmm 
«*■ 


liaiaaaaaiBBKaMaBagaaaaaaiaiiaa 
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■fiaaaSanniriraHttaaaai 
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Maaaaaaaaaaaaaaiaaaaaaaaar/iaa^aaipaaaaa 
[■aaaaaaaaaaaaaaaaaaaaaaaar  ^a^aawjsaaaaa 
■■iiafiBBaaaaaBiafiaBaiaaaa^iiaa'^aliSaaaa 
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SHEEP  ANGLE,  Ajj  -  DEG. 


FIGUXE  3-47  Sweep  Angle  Correction  Fee  tor  , 
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p 

where  AC  .  ■  f  (— .  6„)  is  obtained  from  either 

Flap 

Figure  3-48a  or  3-48b  depending  on  the  type  flap. 

is  from  Figure  3-33  and  is  a  flap  span  factor 
correction.  (Again  direct  use  is  recommended) 

I-  is  an  interference  factor  and  for 

iT 

• 

AR  >  4  let  Ip  -  1. 

AR  <  4  let  1^  ■  (1  +  ,006676p)  where 
4p  is  the  flap  deflection  in  degrees 


Drag-Due-To-Lift 

The  drag-due-to-lif t  of  a  flap  la 


K' 


(AC^)2 

w  AR 


where  K'  is  a  flap  apan  factor  available  from  Figures  3-49a 
to  3>49c.  Interpolation  may  be  necessary  (as  an  example 
(overall  flap  span/ving  apan)  -  .7  for  an  AR  -  6  wing  and 
If  the  flap  begins  at  .2  of  the  span  (cut-out  *  .2)  then 
K!  »  .8  from  Figure  3- 49b. 


AC^  ia  the  increment  in  wing  lift  due  to  flap  deflection 
and  waa  calculated  previously. 


The  total  flap  drag  is  then 


Jl 

0.4  CUT-OUT 


0.2  CUT-OUT 


\  :  NET  FLAP  \ 
0*l\  SPAN 
COT  \  (PERCENT)  / 

k\  \ '  »  :/ 


ASPECT  RATIO  -  4 


OVER-ALL  FLAP  SPAN/WING  SPAN  -  Hp 


FICURE  3-49*  Factor  K'  for  Calculating  Induced  Drag  of  an 
Elliptic  Wing  With  Part-Span  Flaps  and  Cut-Out 
AR  -  4. 

D 
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2  CUT-OUT 


\  NET  FLAP  \ 
SPAN' 

0.  l\  (PERCENT)  / 


OVER-ALL  FLAP  SPAN/V1IIC  SPAN 


FIGURE  3-4 9b  Factor  I*  Fov  Calculating  Induced  Drag  of  an 

Elliptic  Wing  With  Part-Span  Flaps  and  Cut-Out  ,AR-6 


OVER-ALL  FLAP  SPAM /WING  SPAM  -  % 


FIGURE  3-49c  Factor  K'  For  Calculating  Induced  Drag  of  an 

Elliptic  Wing  With  Part-Span  Flaps  and  Cut-Out.  AR-12 


2.  Leading-Edge  Device* 

An  approximation  of  the  minimum  drag  coefficient  <*ue  to 
deflection  of  leading  edge  devices  is  as  follows: 

»*  *1#P  w  r  c 


(1  -  Cos*) 


REF 


(III-47) 


where  the  geometry  is  defined  In  Step  1. 

> 

b,  Slats 


e.  Since  the  leading  edge  devices  normally  extended  the 
useable  angle-of-attack  range  and  prevent  leading 
edge  stall  the  drag-due-to-llft  was  assumed  to  be  zero. 


L.  STEP  12.  DRAG  OF  DRAG  DEVICES 
1.  gppl.Uli 

The  methods  presented  below  are  for  spoilers  used  to 
destroy  wing  lift.  Spoilers  used  for  lateral  control 
•  are  not  considered. 


The  loss  in  lift  1st 


Sin  * 


SP 


(II 1—48) 


where  Ae^  cones  from  Figure  3-50. 

CL-  Is  the  aircraft  lift  curve  slope. 

Ijp  Is  the  deflection  of  the  spoiler  fron  the 
wing  surface  in  degrees  (45*  i.*Sp<  90*) 

Sgp  is  the  wing  area  affected  by  the  spoiler 

l|0l*  the  aircraft  reference  area. 
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i. 

c 


FIGURE  3-50:  Spoiler  Life  Effectiveness  -  Low  Speeds. 
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‘The  increase  in  drag  it: 


SSP 

AC,,  -  (-  .1  +  .011dsp)  /F  (III-49) 

8P  REP 

valid  for  45*  ,<«gp<  90* 


2.  Speed  Brake 

For  low  speed  flight,  or  during  ground  roll,  the  incre¬ 
mental  drag  due  to  speed  brake  reduces,  for. all  practical 
,  purposes,  to  one  equation.  This  conclusion  is  based  on 
the  data  presented  by  the  various  aircraft  manufacturers. 


-  1.13  Sin  6 


SB  S, 


SB 

TOT 


(III-50) 


where  S  is  the  aircraft  reference  area. 

REF  \ 

'  \ 

jgg  is  the  speed  brake  deflection  measured  from  the  aircraft 
centerline. 

AgB  is  the  speed  brake  panel  area. 

3.  .  rat  Chutes 

Landing  drag  chutes  have  been  in  operational  yse  for 
approximately  twenty  years.  No  new  method  for  estimating 
the  drag  chut  a  CQ  has  besn  found  during  this  study.  Oi.iy 
four  pertinent  references  were  obtained.  References  10  and 
11  indicate  that  two  types  of  aircraft  drag  chutes  are  used. 
Their  characteristics  for  design  purposes  are  described  below. 


Reference  10 
ACp  design 

°c 

Reference  11 
ACq  design 

°c 

Reference  H 
ACD  range 

°c 

Ribbon 

.45 

.50 

.45  to  .55 

Ring-Slot 

.45 

.55 

.45  to  .65 

is  based  on  a  reference  eree  of  e  circle  of  diameter 


equal  to  twice  the  distance  from  the  canopy  skirt  to  the 
center  of  the  apex  or  vent  (nominal  canopy  diameter). 


References  indicate  that  the  above  values  ere  not 
absolute  and  asy  vary  due  to  porosity  and  airflow 
behind  aircraft. 


t 


Table  III-3  shows  which  drag  chutes  tbet  current  aircraft  ere 
using  and  the  associated  AC.  . 

°c 

. 

The  drag  force  of  the  chute  1st  *.  % 


^chuts  "  *  *chute 


Based  on  the  aircraft  reference  area,  the  incremental 
drag  coefficient  1st 


'ur 
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Full  deployment  of 'the  dreg  chutes  frou  ths  tins  it  is 
released  by  the  pilot  Is  ususlly  less  than  4  seconds. 


4.  Thrust  Reverser  Door  Peniovent 

As  explained  in  Section  V,  deployment  of  thrust  reversers 
will  sffect  the  dreg  of  aerodynamic  surfaces  such  ss  flaps 
located  la  the  vicinity  of  the  reversed  thrust  plume.  This 
effect  Is  highly  sensitive  to  reverser  location  and  geometry 
of  local  aerodynamic  surfaces  and  is  not  amenable  to  the 
generalised  treatment  required  by  the  scope  of  this  report. 
However,  for  purpose  of  generalised  studies,  It  Is  suggested 
that  the  aerodynamic  drag  increment  due  to  thrust  reverser 
deployment  be  approximated  byt 


(UI-52) 


which  represents  the  aerodynamic  drag  due  to  suction 


1(9 


o 


acting  on  the  aft  face  of  the  thrust  reverscr  doors. 
In  this  equation: 


-  Base  area  of  the  thrust  reverser  doors. 


5.  Total  Drag  of  Drag  Devices 

'  1  • 

■  The  suaaation  of  the  drag  increments  due  to  spoiler  and 

/• 

speed  brake  deflection  and  drag  chute  and  thrust  reverser 
door  deployment  can  be.  expressed  as: 


(4Cfc.  >  ‘ 

DO 


ACd  + 
SP 


SI 


AC. 


+  AC. 


'DC 


Tft 
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M.  STEP  13:  TOTAL  DRAG  COEFFICIENT 

The  total  drag  coefficient  of  the  aircraft  can  be  expressed 
is: 


C_  -  C_  +  ACn  +  (AC 
°  °Un  D1  DHin 


+  AC. 


♦  AC. 


Flap 


V.  P1"P 

Step  9  Step  10  Step^ll 
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+  (AC  ) 
Min 
DD 
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Step  12 


oc 
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6.  boundary  layer  controlled  flap 

The  few  conpanl.es  employ  lag  boundary  layer  control  in  conjunction  with 
leading  and  trailing  edge  high  lift  devices  consider  the  pertinent  data 
and  Installation  details  to  be  highly  proprietary.  As  a  result,  empiri¬ 
cal  evaluation  of  effects  of  these  devices  is  precluded  at  this  time. 
However,  during  the  past  30  years  a  number  of  tests  have  been  conducted. 
Mostly  with  two  dimensional  models.  These  arc  reported  upon  in  numerous 
documents  (see .Bibliography) . 

The  primary  advantage  of  boundary  layer  control  in  conjunction  with  high 
lift  devices  is  to  prevent  or  to  delay  flow  separation.  In  the  case  of 
the  suction  flap  (suction  at  the  nose  of  the  flap)  the  low  energy  (tired) 
boundary  layer  is  removed  ard  a  fresh  boundary  layer  is  initiated.  This 
new  boundary  layer  la  able  to  withstand  the  effects  of  the  3tecp  adverse 
pressure  gradient  Immediately  aft  of  the  flap  nose.  In  the  case  of  a 
blowing  flap,  a  high  energy  sheet  of  air  is  blown  over  the  nose  of  the 
flap.  This  jet  sheet  energises  the  existing  boundary  layer  to  enable  it 
to  negotiate  the  turn  about  the  flap  radius  with  its  associated  adverse 
pressure  gradient. 

Prevention  of  flow  separation  makes  it  possible  to  achieve  lift  coefficients 
approximating  values  predicted  by  potential  flow  theory  even  at  very  large 
flap  deflection  angles. 

An  additional  Increase  in  lift  coefficients  results  from  what  is  termed 
"supcrcirculation".  This  is  due  to  the  sink  effect  resulting  from  suction 
at  the  flap  nose  or  in  the  case  of  blowing  flaps,  results  from  momentum 
transfer  from  the  jet  sheet  to  the  surrounding  flow  field. 

Another  term  which  some  of  the  authors  Include  in  the  blown  flap  lift 
coefficient  Is  the  lift  component  of  the  Jet  reaction  force. 

As  is  the  case  with  mechanical  trailing  edge  lift  devices,  full  advantage 
cannot  be  taken  of  the  lift  capability  unless  measures  are  taken  to  prevent 
separation  of  flow  at  the  wing  leading  edge.  This  is  particularly  true 
where  the  leading  edge  radius  is  small. 


The  effectiveness  of  blovn  flaps  is  very  sensitive  to  flap  and  jet  slot 
geometry.  Of  particular  importance  is  the  position  of  the  flap  upper 
surface  relative  to  the  jet  stream  as  emitted  fror  the  slot. 

A.  EFFECT  OF  TLC  FLAPS  ON  LIFT 

Although  sufficient  airplane  data  is  lacking  to  formulate  an  empirical 
method  for  evaluating  BLC  flap  characteristics,  the  following  method 
was  developed  for  determining  the  lift  characteristics  based  on  the 
Information  presented  in  References  14  through  19 ..  This  method 
assumes  that  proper  measures  are  taken  to  avoid  leading  edge  separation 
and  in  the  case  of  a  suction  flap,  entrance  geometry  Is  near  Ideal, 
and  in  the  case  of  blovn  flaps,  the  slot  and  the  flap  geometry  ere 
matched  properly. 

1.  Blowing  Flap 

The  lift  coefficient  for  blowing  flaps  Is  considered  to  consist  of 
two  Increments,  one  due  to  circulation  lift  and  the  other  repre¬ 
senting  the  lift  component  of  the  jet  reaction  force,  so  that 


C  -  C,  +  C.  (1 11—55) 

1  £r  S 

•  Sin  <4r  +  6j )  .  (111—56) 


where  C,  is  the  lift  curve  slope  for  the  clean  airfoil  section.  See 
o 

subsection  5B. 

®«V  *e96raCvm  °'° 

6p  ~Flap  deflection  angle 
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5j  -  angle  at  which  the  jet  is  ejected  into  the  stream,  if 
o  ■  4^  ■  0.  In  the  case  where  the  jet.  "blows"  over 
the  upper  surface  of  the  flap,  6j  is  the  angle  included 
by  the  trailing  edge  of  the  flap  upper  surface  and  the 
reference  chord  line.  See  Figure  3-51. 

*Ct 

rr-  ■  f(C  )  is  presented  in  Figure  3-52. 
jp  y 

» 

This  Figure  duplicates  Figure  1  of  Reference  14  except  that 
Cy'haa  been  substituted  for  Cj.  In  References  15  (page  475) 
end  16,  it  is  Indicated  that  Cj  is  equivalent  to  C^. 

B  in  this  figure  represents  the  ratio  of  the  flap  hinge  station  to 
airfoil  reference  chord  length.  E  »  1.0  is  the  limit  condition 
where  flap  hinge  theoretically  coincides  with  the  airfoil  leading 
edge  so  that  6^  •  o.  E  •  0.0  is  the  limit  condition  where  flap 
hinge  coincides  with  the  airfoil  trailing  edge  such  as  where  a  pure 
jet  flap  (jet  emitted  at  the  trailing  edge)  is  employed. 

Cy  is  the  bloving  momentum  coefficient  defined  by 

c„  -  Wj*Vj  /  g*q  -S,  (HI-58) 

Sg  is  the  area  of  the  wing  influenced  by  the  blowing  flap  ("affected 
area)  as  illustrated  by  Figure  3-5  1. 

Flguras3-53a,  3-53b  and  3-53e  present  a  comparison  of  lift  coeffi¬ 
cient  predicted  by  equation  (III-57) with  test  data  presented  in 
Reference  17.  These  results  indicate  good  correlation  above 

C  *  0.03.  Below  this  value,  C  ,  the  boundary  layer  is  not 
M  WCrit 

sufficiently  energised  to  completely  forestall  flow  separation. 

Thus,  below  C  ,  the  Increase  in  lift  with  C  is  due  primarily 
MCrit  " 

to  Increased  flow  attachment.  Above  this  value,  the  further 

Increase  in  lift  Is  primarily  due  to  supercirculation.  Supercircu¬ 
lation  la  the  Increased  circulation  associated  with  transfer  of 
■omentum  of  the  Jet  sheet  to  the  free  stream  and  may  be  treated 


FIGURE  3-53b:  Comparison  of  Lift  Coefficient  Predicted  by  Equation  111.57  with 


Comparison  of  Lift  Coefficient  Predicted  by  Equation  III-57  uith 


analytically  by  a  system  of  sinks  coinciding  with  the  profile  of 

the  .jet  aheet. 


Theae  regions  of  blowing  flap  effectiveness  are  illustrated  by 
Figure  3-54  which  duplicates  Figure  6  of  Reference  15.  According 

to  Reference  15,  C  for  a  three  dimensional  wing  may  be  esti- 

yCrit 

■a ted  from  the  plot  presented  in  Figure  3-55.  In  regard  to  this 
plot,  Reference  15  (page  469)  states: 

The_  relationship  of  C  is  dependent  upon  wing  aspect 

^Crit 

ratio,  flap  deflection  and  the  "affected"  area  ratio, 

'  [Sg/S].  It  can  be  appreciated  that  this  is  an  over 
simplification  of  the  many  parameters  involved;  however, 
tl^is  plot  due  to  Chaplin  Is  considered  to  represent  fairly 
consistent  data  for  sweepback  angles  from  0°  to  45*;  flap 
chord  ratios  from  0.25  to  0.40;  and  angles  of  attack  from 
0*  to  10*  (but  below  the  stall  angle) .  Preliminary  esti¬ 
mates  of  C  can  therefore  be  obtained  from  Figure 

yCrit 

3-55  for  the  conditions  within  these  ranges,  assuming  a 
reasonably  good  nozzle  flap  orientation  and  flap  geometry. 

However,  the  2-D  data  of  Reference  17  ,  presented  In  Figures  3-5  3a, 

3-5  3b  and  3-53c  indicate  that  C  is  not  as  sensitive  to  6  as 

wCrit  F 

indicated  by  Figure  3-55.  These  data  indicate  that  C  •>  0.05 

wCrit 

is  applicable  regardless  of  6p  at  least  within  the  range  30#<6f,<60* . 


o 


;  4*1  %  \ 


2.  Procedure  for  Estimating  Blowing  Flap  Lift 


.  Based  on  the  above  discussion,  the  following  procedure  Is  suggested 
for  estimation  of  wing  lift  when  blowing  flaps  are  employed. 


a.  Estimate  the  section  lift  curve  slope,  C  ' ,  (C  for  the 

t _  i 


clean  airfoil  (6^  ■  0,  C  ■  0))  using  the  procedure  given  in 


Subsection  SB. 


b.  Estimate  c^1' (aQ  for  clean  airfoil)  using  the  procedure  given 
*  in  Subsection  5B. 


c.  Compute  C  *  for  6  -  0,  C  -  0  where  C.'  -  C  '  (a  -a  ') 
*  "  y  it  o  / 


d.  Compute  for  given  flight  condition  and  blowing  power  setting 


where: 


Cv  “  VVJ/g*VSB 


e.  If  Cy  >  0.05 


■•“•“(Si,  'St a 


from  Figure  3-52. 


2.  Compute  where 


4,o  ■ sin  (°  ■  + (4. 

c 


F  \H 


*  Sin  <$ , 


3.  Compute  the  sectional  circulation  lift  coefficient  as: 

V 


\  '  ST  •  <V 


~ - - » 


•7vX' 

1  -  :  ■ 

-  ,  ^  ,4:  ■ 


Ttffrl'.W'f 


\  ■ 


The  details  of  this  are  described  in  the  split  flap  Subsection 
5E3,  but  is  briefly  repeated  here 


(CL  \ 

I  ratio  of  the  ' 

'  f a  wing  (fip  *  0, 


wing  to  section  lift  curve  slope  for  clean 

,  C  -  0) 

V 


(a  >c 
tCL 


From  Figure  3-32 


6ut  where  (a»)_  ■  - 

Cl  /  3 


'i-cr/ 

V5*Vl 


and  Is  obtained  from  Figure  3-33. 


i.  Compute  C.  in  the  same  manner  as  suggested  for  a  clean  wing 
a 

in  Subsection  5C.  That  1st 


r  «  - - - - 

c.'  /a  c,\ 

Bh*r*  ■  W~  {w}^ 

Estimate  the  shift  in  aQ  due  to  the  deployment  of  blowing 


flap  by 


da©  ■ 


■  pv%  ■(%) + 


\  S1"  («,  +  V 


US 


k.  .The  increase  in  maximum  section  lift  coefficient  is: 


<4Ci  >4 

r  b 


+  c„  ■»"  <«F  +  «j> 


where  0.5<  k<  1.0,  depending  upon  the  tendency  of  the 
airfoil  to  incur  leading  edge  separation.  If  leading 
edge  separation  occurs  without  flap  deflection,  k  ■=  0.5 
la  applicable.  However,  if  proper  measurements  are 
taken  to  preclude  leading  edge  separation  even  at  very 
high  lift  coefficient,  then  k  =1.0  is  applicable. 


■  K + sc‘ 


(1  -  .08  Cos2Ac/4)  Cos3/4Ac/4 


(111-59) 
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.  Suction  Flaps 


In  references  18  and  19,  it  is  shown  that  the  increment  of  lift 

* 

due  to  the  sink  effect  of  suction  is  AC^ 


This  relationship  is  presented  by  Figure  3-56  as: 


-  f<V  <*/<:>• 


whe^e  0  '  -  air  flow  quantity,  ft^/sec. 

V  -  freest  ream  velocity,  ft/sec. 

Sg  -  wing  area  affected  by  trailing  edge  suction  flap,  ft?. 


i 


4 

The  circulation  lift  of  a  thin  flat  plate  with  a  trailing  edge  flap 
with  fully  attached  flow  is  given  by  potential  flow  theory  to  be: 


(clr)pp  “  2r  •  Sin  a  +  2(x  +  Sin  x)  •  Sin  «F  (111-60) 

•If  sufficient  euctlon  is  employed  to  preclude  flow  separation,  the 
lift  of  the  thin  flapped  plate  with  suction  is  estimated  by 

Clr  -  2*  Siu  a  +  2(x  +  Sin  x)  •  Sin  5-  +  K*»  •  Co  (III-61) 

,'S,  thin 

X  is  defined  in  Reference  20  to  be 


X  “  Cos-1  (1  -  2  ). 


f 
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< ,  Procedure  For  Estimating  Suction  Flap  Lift 

Based  on  the  above  discussion  and  an  assumption  that  sufficient  suction 
is  applied  to  assure  flow  attachment  over  the  flap,' the  following  pro¬ 
cedure  is  suggested  for  estimation  of  ving  lift  when  suction  flap?  are 
employed. 

a  -  - 

a.  Estimate  the  section  lift  curve  slope.  C.  *  ,  (C#  for  the  clean 

a  a 

airfoil  (6^  »  0,  *  0))  using  the  procedure  given  in  Subsection 

5B. 

* ' 

b.  Estimate  a*Q  (aQ  for  clean  airfoil)  using  the  procedure  given  In 
Subsection  SB. 

c.  I  Compute  C^'  for  6^  ■  0,  C^  ■  0  where 

C  '  •  C  *  («-«') 

,  » 

d.  Obtain  Kg  from  Figure  3-  56. 


e.  Compute: 


f.  Cowpute: 

-i  cr 

x  -  Coe  1  (1  -  2  f) 


(• 


Compute: 

C  ' 

Ct  -  2T  f  21  Sln(*  ‘  *o>  +  2(*  *  Sio  X)  ♦  Kg 
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h.  Compute: 


The  details  of  this  are  described  in  the  split  flap  Subsection 
5E3,  but  is  briefly  repeated  here 


*  ratio  of  the  wing  section  lift  curve  slope  for  clean 
wing  (6^  -  0,,  C  -  Q) 


J- 


k. 


Fran  Figure 


1-32 


but  where  («|>c  *  — Sta  ^  ^ 

t 

le  obtained  from  Figure  3-11. 

for  the  suction  flap  deflected  is  approximately  the  same  as 

for  the  dean  wing. 

The  change  in  angle  of  attack  at  xero-lift  is  obtained  from: 


190 
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1.  The  increase  in  maximum  section  lift  coefficient  la: 


AC,  -  k  *  (AC  ) 
max  f  ; 


Where  0.5  <  k  <  1.0  depending  on  the  tendency  of  the  airfoil 

to  incur  leading  edge  separation.  See  diacuaaion  on  blowing 
flapa. 


■*  "  AC1  *  *  (l  '  C9*2  W 


_  V*  * 

Coo  A, 


c/4 


(111-42) 


Q) 


m 


B.  EFFECT  OF  BLC  FLAPS  ON  DRAG 

Data  available,  with  regard  to  the  effect  pf  BLC  flaps  upon  wing  drag, 
are  sparse  and  somewhat  conflicting.  Data  given  in  Figure  33  of 
Reference  15  for  the  Grumman  F9F-4  indicates  that  blowing  reduces 

profile  drag  ,  whereas  Figure  62  of  the  same  Reference  indicates  that 
blowing  increased  the  profile  drag  of  the  British  aircraft  "Submarine 
SciaitarM.  Seemingly,  the  effect  of  preventing  flow  separation  over 
the  flap  surface  would  appreciably  reduce  profile  drag  at  those  flap 
deflection  ahgles  where  the  flow  would  be  separated  but  for  BLC. 
However,  in  cases  where  BLC  flaps  are  employed,  the  profile  drag  is 
normally  small  compared  with  the  induced  drag.  Thus,  it  would  seem 
adequate  for  the  type  of  analysis  within  the  present  scope  of  this 
handbook  to  assume  that  AC.  is  the  same  as  that  given  in  Figure 
\  3~48b  for  slotted  flaps.  ^ 


Procedure  for  Batlmatine  Drag  Due  to  BLC  Flaps 

1.  Obtain  AC_  using  Figure  3-46b  and  the  procedure  suggested  in 

■in 

*1«P 

Subsection  5K  for  noo-BLC  flaps. 


2.  Determine  ACp  in  the  same  manner  as  suggested  in  Subsection 

ltlmf 

5K  for  non-BLC  flaps,  that  is: 

(AC,)2 

ACDt  "  *’  "T75T 

1fUp 

where  K'  is  obtained  from  Figure  3-49a  through  3-49c,  and 
AC^  is  the  increment  in  wing  lift  due  to  BLC  flap  deflection. 

3*  The  drag  Increment  due  to  BLC  flap  deployment  is: 


*S,  ■  *V  ♦  “d  -Vs—  •  C’*(<F  +  V  (III-63) 


as 

ik  ’•*  ■£$£#  * 


'  !H-’  ' 'V  <’'  1  ’ 

i  'p  i’ i  i, 
<  ■ 


4'  •»> 


vf'.nr 
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SECTION  IV 


.4*  « 

WHEEL  BRAKES 

•  ■  ■  t 

1.  DISCUSSION  . 

This  section  is  intended  to  provide  an  analytical  tool  to  estimate  the 
force  generated  by  an  aircraft  wheel  braking  system.  An  estimate  can 
be  made  if  the  physical  description  of  the  wheel,  tires  and  brakes  and 
the  condition  of'  the  runway  surface  are  known. 

During  the  evaluation  of  an  aircraft's  landing  distance,  there  are  two 
ltefiff  that  must  be  considered  regarding  the  braking  system: 

"  "a.  The  braking  force, 
b.  The  brake's  limitation* 

______ _  1 

The  braking  force  is  defined,  as  is  customary.  In  terms  of  the  product 
of  a  coefficient  and  a  force  normal  to  the  runway  surface.  The  brake 
limitation  la  given  in  terms  of  an  energy  absorption  limit. 

?.  BRAKING  FORCE  AND  EQUATIONS  OF  MOTION 

The  present  Industry  procedure  for  computing  the  ground  roll  distance 
is  to  solve  the  equation: 

e 

GJt  V  -  T  -  D  -  (Braking  force) 

* 

where  braking  force  -  (GW-L)  +  (1-k^)  (GW-L); 

kji  denotes  the  portion  of  (GW-L)  supported  by  the  main  landing 
gear  at  aero  air  lift  velocity. 

With  this  procedure,  the  braking  and  rolling  coefficients  are  assumed 
to  be  Invariant  during  the  ground  roll.  In  addition,  no  account  is 


taken  of  variation  In  main  landing  gear  loading  due  to  deceleration  and 

aerodynamically  induced  moments,  Thus  the  above  equation  provides 

«* 

Inaccurate  results,  particularly  when  braking  is  restricted  to  the  main 

landing  gear. 


The-  following  method  provides  a  wheel  braking  estimate  that  accounts  for 
redistribution  of  loading  between  the  main  gear  and  nose  gear  due  to  decel¬ 
eration  and  aerodynamic  moments.  Procedures  are  included  for  t.  icing  into 
account  the  use  or  non-use  of  anti-skid  devices,  runway  contamination  and 
tire  geometry!  In  addition,  Subsection  5  presents  an  evaluation  of 
brake  energy  limits. 


<§ 


The  equations  of  motion  which  describe  the  forces  and  moments  acting  on 
the  aircraft  are  as  follows: 


£  Forces  Vertical  «  0  -  GW  -  F  -  F  -L 

mg  nv 


(IV-1) 


EForces  Horizontal  ■  0  ■ 


GW 


$  +  T  -  D  -  ii  .  Fm  -  u  •  F 

B  mg  R  nw 

(IV-2) 


foments  about  the  nose  wheel  »  0  *•  l  •  (GW-L)  +  M  + 

X'  aero 

c.g. 


D  •  f 


c.g. 


GW  * 

•  T  •  1  _  f  •  l  .  —  e  V  •  JL 

*T.L.  "g  xmg  «  ‘c.g. 


(IV-3) 


EMoments  about  the  main  wheels  ■  0  ■  -(JL,-  *  )  *  (GW-L)  + 

Xc.g. 


M.ero  +  D  ‘  4. 


-  T  •  i 


C.g. 


*T.L. 


+  F 


i  -5H  •  i  .  i 


nw  x  _  g 
mg 


c.g. 

(IV-4) 


where  the  pertinent  force  and  moment  vectors  are  depicted  in  Figure  4-1. 

4 

Bare  it  is  assumed  for  simplicity  that  during  ground  roll,  drag  and  lift 
act  through  tha  center  of  gravity  parallel  and  perpendicular  to  the  ground. 


C 


Where  braking  la  restricted  to  the  main  gear,  the  braking  force  is 
(uB  •  F  )  +  (uR  •  FQw>  Rewriting  the  moment  equations  (IV-3  and 

IV-4)  as  follows! 


f  •  *  • 


M«r.  +‘*c.,.  •  +  3  *  1  Wr  L. 


(I*-5) 


n» 


■  V  (M«t=  -  <*«*  -  •  icv-L)  +  ,\„i  - 


T»  t 


GW 

•T.L.  "  g 


•  *  • 


(IV-6) 


provides  expressions  for  the -wheel  normal  forces  which  accounts  for 
deceleration  thrust  and  aerodynamic  moment  and  drag  in  addition  to 
consideration  traditionally  given  to  weight  and  lift. 

A  perusal  of  References  1  end  2  indicates  that  an  empirical  expression 
for  Pg  1st 

lig  •  f  (vsr.)  ^  “  cg  fH  J  (IV-7) 

where  f  (var.)  describes  the  runway  condition,  use  of  an  anti-skid 
device,  etc. 

Cj  is  the  empirical- nondimenslonal  maximum  braking  coefficient 
Cg  accounts  for  the  tire  geometry  and  has  the  units  corresponding 
to(forco) 

is  the  vertical  force  exerted  on  the  tires  of  the  mein  gear. 

Ag  is  the  tire  print  ares  discussed  in  Subsection  7. 


Methods  for  computing  for  anti-skid  and  non-anti-skid  brakes  with 
consideration  given  to  runway  contamination  and  tire  geometry  are 
presented  by  Subsections  3  and  4. 

Rolling  friction,  denoted  by  the  coefficient  yR  varies  with  aircraft 
velocity.  The  data  of  Reference  2  indicates  that  uB  Increases  from 
approximately  0.02  at  40  knots  to  O.OS  at  120  knots.  However,  R-58 
data  presented  i.i  Reference  3  indicates  much  less  of  an  increase,  i 

jig  »  0.01.16  at  0.0  knots  to  0.0158  at  150  knots.  The  B-58  data  tends 
to  justify  the  standard  practice  of  using  a  constant  value  of  uR  for 
the  ground  roll  deceleration  calculations.  The  T-38  computations  of 
Reference  4  uses  yR  ■  0.01.  Reference  5  computations  for  the  C-135 
uses  0.015. 

Equations  IV-1  through  IV-7  provide  the  force  data  required  to  evaluate 
ground  roll  deceleration  of  aircraft  equipped  with  brakes  applied  through 
only  the  main  landing  gear.  If,  in  addition,  nose  wheel  braking  la 
employed,  equation  IV-2  must  be  modified  by  replacing  m.  with  a  brake 
coefficient  (t»B>  appropriate  to  the  nose  gear. 

3.  BRAKING  COEFFICIENT  FOR  DRY  CONCRETE  RUNWAYS 

This  section  provides  a  method  for  determining  the  brake  coefficient, 
y#, corresponding  to  operation  on  dry  concrete  runways.  Effect  of  runway 
cn:.'umlnants  are  discussed  in  Subsection  4. 

It  has  been  detejalned  experimentally  that  the  braking  for  a  given  air¬ 
craft  tire  on  a  dry  uncontaminated  runway  is  affected  by  the  various  factors 

Effect  on 

Decreesing  coefficient  with 
Increasing  load 

None 

None 

Very  slight 

Very  slight  decrease  with  increased 
pressure 

Very  slight  decrease  with  increased 
temperature 


as  follows i 

Factor 

1.  Vertical  luad 

2.  Velocity 

3.  Tread  Design 

4.  Tread  Composition 

5.  Tire  Inflation 

6.  Tire  Temperature 
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A  good  discussion  of  these  factors  Is  given  in  Reference  1,  2,  and  6. 
In  Reference  6  it  is  stated  that: 


"Host  of  the  Information  on  tire  friction  has,  in  the  past,  been 
obtained  with  fully  skidding  or  locked  wheels.  Information, for 
the  fully  skidding  condition  may  be  of  value  where  a  relatively 
small  amount  of  kinetic  energy  is  to  be'dissipated  and  tire 
wear  is  of  little  consequence.  However,  for  aircraft  operation 
involving  enormous  kinetic  energies.,  deceleration  with  locked 
wheels  would  be  disastrous.  Tire  wear,  of  course,  varies  with 
wheel  slip  -  the  lower  the  slipping  velocity  the  lower  the  tire 
wear.  Tire  wear  can  be  reduced  appreciably  by  operating  in  the 
incipient  skidding  region  which  also  provides  the  maximum  available 
tire- to-ground  friction  coefficient  and  hence  maximum  aircraft 
deceleration.  For  these  reasons,  and  the  fact  that  anti-skid 
devices  tend  to  operate  in  the  region  of  incipient  skid,  informa¬ 
tion  on  Va[Mnax]aPPear*  *°  be  considerably  more  interest  and 
use  in  the  aircraft  operation  than  information  on  tire  friction 
with  wheels  locked.  "  • 


An  expression  for  ymmv  which  accounts  for  the  above  factors  is  given 
by  the  equation. 


m  .93  -  .0011pn  (Verification  of  this  is  given  in 

Figure  4-2,  which  was  originally  presented  in  Reference  2.) 

’’ 

where  pQ  is  the  net  bearing  pressure  which  is  pn  -  * 

where  F  is  the  vertical  force  and  A  is  the  tire  net  foot  print  area 
a  n 

Although  this  equation  was  obtained  from  rolling  speeds  of  1  to  2  MPH, 
the  date  of  Reference  2  verifies  this  equation  up  to  90  knots. 


For  an  aircraft  whose  braking  is  obtained  solely  from  the  main  landing 

gear  tires: 

p  -  .93  -  .0011  *mg.  (IV-8) 

*aax 
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For  any  rolling  tire  that  has  a  braking  system  the  coefficient  of  friction 
in  a  function  of  the  slip  ratio.  Slip  ratio  is  defined  in  Reference  2, 

page  11,  which  states: 


"The  difference  between  the  peripheral  velocity  of  the  lire  and 
the  horizontal  velocity  of  the  wheel  axle  is  defined  as  the 
relative  skidding  velocity  occurring  between  the  tire  and  the 
ground.  The  ratio  of  this  relative  skidding  velocity  to  the 
horizontal  velocity  of  the  axle  is  defined  as  the  slip  ratio. 
Thus  for  ‘a  freely  rolling  wheel  the  slip  ratio  is  effectively 
zero  while  for  a  completely  braked  wheel  (full  skid)  the  slip 
ratio  equals  1.  " 

The  variation  of  p  with  slip  ratio  is  shown  in  Figure  4-3.  The  shaded 
area  in  this  figure  represents  the  normal  range  cf  operations  for 
anti-skid  devices. 

Horne  (Reference.  2)  shows  that  for  a  braking  system  employing  an. anti¬ 
skid  device,  the  effective  ^  is  approximately  -9p  (Figure  36  of 
Reference  2  -shows  verification  of  this  statement),  see  Figure  4-4. 
Therefore,  the  equation  for  effective  p  (or  p  average)  is, 

U  -  .837  -  .00099  *F 

"avg  Sfc 

V, 

where  a  method  for  determining  tire  print  area  (Aq)  Is  presented  in 
Subsection  7. 

nay  then  be  considered  the  "best"  braking  coefficient  that  would 
be  possible  for  an  aircraft  landing  on  a  dry  uncontaminated  (no  rubber 
or  oil  deposits)  concrete  runway,  and  using  an  anti-skid  device. 

Due  to  the  sensitivity  of  the  brakes  and  the  desirability  of  avoiding 
skid  to  reduce  tire  wear  and  to  awincaln  controllability,  non-skid 
brakes  are  normally  operated  at  low  slip  ratios,  below  0.1.  Thus  it 
Is  doubtful  that  a  braking  system  that  does  not  employ  an  anti-skid 
device  could  obtain  even  the  p  associated  with  a  full  skid  (brakes 
locked).  Figure  4.5  indicates  p  for  full  skid  in  the  velocity  range 
stove  40  knots  to  be: 


Ratio  of  Tiro-Ground  Full-Skid  Friction 
Coefficient  to  Maximal  Friction  Coefficient 


*  ...  <0.4  y 
skid  max 


It  is  suggested  that  £or  an  aircraft  that  does  not  have  an  anti-skid 
system,  the  braking  coefficient  be  estimated  as  follows: 


1.  Compute  y  as  for  the  anti-skid  case 


2.  Modify  with  the  curve  shown  in  Figure  4-5  by  assuming 


wakid 


•ax  >  y 


x  ^max*  anti-skid 


(1V-10) 


3.  Use  of  .9  of  the  results  to  incure  no  skidding. 


The  curve  in  Figure  4-5  can' be  expressed  as: 

f  (v)  -  cx  +  CjV  +  c3v2  +  c4v3  +  c5v4 


(1V-11) 


where  0^  -  1.0 


C2  -  -.24492  x  10 
Cj  -..3368  x  10"3 
-  -.20098x10“ 
Cj  -  .42539  x  10“8 
f  -  knots 


and>so  the  estimated  effective  y  for  non-anti-skid  systems  Is  given  by: 


y  -  f  (V)  (0.837  -  0.00099  t=*) 

avt  * 


(1V-12) 


This  again  applies  only  for  dry  concrete  runways. 

Tor  the  purpose  of  landing  ground  roll  evaluation  calculations  it  should  be 

assumed  that: 


V* 
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4.  RUNWAY  CONTAMINANTS 


The  current  method  for  accounting  for  runway  conditions  other  Chan  dry 
concrete  is  to  use  a  RCR  measurement.  RCR  (Runway  Condition  Reading) 
is  a  measure  of  the  deceleration  capability  of  an  aircraft  as  determined 
by  driving  an  automobile  type  vehicle  over  a  runway  and  then  getting  the 
vehicle  into  a  skid.  The  deceleration  measurement  made  during  this  skid 
(in  ft/sec*)  is  the  RCR  value. 


i 

Industry  figures  and  descriptive  runway  conditions  are  usually  considered 

% 

as  follows: 


RCR 

!  23 

12  -  17 

V5' 


Runway  Condition 

Dry  Uncontaminated  Concrete 

Vet 

Ice 


Various  manufacturer's  (See  Table  IV-1)  have  their  own  values  of  v  corres¬ 
ponding  to  dry,  wet  or  icy  runways. 


As  Indicated  in  Subsection  3,  methods  such  as  ths  above  which  provide 
information  only  for  the  fully  skidding  case  are  inadequate  for  evalua¬ 
tion  of  aircraft  braking  systems  employing  amt  1-skid  devices.  In  this 
case, Una,  i»  the  pertinent  coefficient  rather  than 

The  following  material  summarises  results  of  tests  conducted  to  measure 
for  various  conditions  of  runway  contamination,  and  in  addition  a 
method  is  suggested  for  .*lytically  predicting  the  effects  of  climatic 
contamination  upon  the  friction  coefficient. 

Runway  contamination  which  induces  tire  wear  is,  of  course,  undesirable 
and  therefore  to  the  extent  practical,  is  avoided.  As  a  result,  the 
nature  and  extent  of  the  contamination  is  uncontrollable  and  usually 
non-uniform.  In  recent  years  a  number  of  tests  have  been  conducted  to 
determine  the  effect  of  runway  contaminants  upon  tire  friction.  Ths 
validity  of  the  results  of  these  tests  is  somewhat  restricted  to  the 
special  conditions  under  which  the  testing  was  conducted. 


207 


CR  19.5-22  Wee 


Because  of  their  extreme  non-uniformity  and  resultant  unpredictability, 
the  effects  of  contaminants  such  as  fuel,  oil,  tire  rubber  deposits,  etc. 
are 'considered  to  be  beyond  the  scope  of  this  report  except  to  note  that 
in  Reference  2  certain  test  data  Indicate  that  u  decreases  from  about 
0.64  for  the  dry  uncontaminated  concrete  surface  to  about  0.48  for  the 
dry  rubber-contaminated  concrete  surface  under  the  conditions  of  the 
investigation.  ^ 

•  *  \ 

.  *  . 

Reference  6  reported  on  tests  conducted  with  various  climatic  contaminants. 

b 

These  results  are  summarized  by  Table  IV-2and  Figure  4-6.  IE  waa  reported 
that  for  dry  and  ice  or  snow  covered  runways  there  appeared  to  be  no 
variation  of  p  over  the  airplane  speeds  covered  in  the  tests  and  within 
the  scatter  of  the  data.  The  large  scatter  in  the  data  for  vet  runway 
and  runways  in  light  and  heavy  rain  is  attributed  to  the  variation  In  ' 
the  amount  of  water  along  the  runway. 


A.  BRAKING  COEFFICIENT  FOR  ICE  AND  SNOW  COVERED  RUNWAYS 
If  Table  IV-1  contains  values  of  pB  that  are  appropriate  for  the 
aircraft  and  runway  condition  under  consideration,  these  values 
may  be  used.  However,  if  no  appropriate  values  of  p^  arm 
listed  therein,  the  following  method  for  estimating  p#  la  suggested. 

1.  Select  an  appropriate  value  of  from  Table  IV^. 

2.  Calculate  u  from  p  in  the  same  manner  as  was 

avg  max 

suggested  in  Subsection  3  for  dry  runways.  That  is 


a.  If  anti-skid  devices  are  employed:  ■ 


p  -  0.9  p 
avg  max 

b.  If  no  anti-skid  device  is  employed: 

‘  <WV>  and-skld 


(IV-13) 


where  is  given  by  Eq.  IV-11  and  Figure  4-5. 


B.  WET  RUNWAYS 

Several  experimental  programs  (See  References  2  and  6  through  15) 
have  been  completed  in  an  effort  to  measure  p  on  a  wet  runway. 
Based  on  these  programs,  some  Insight  has  been  obtained  into  the 
influencing  factors  on  P  on  a  vet  runway. 
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SUMMARY  OF  TIRE  FRICTION  COEFFICIENTS 
(a)  Dry  Runway* 


RUNtfAY  COVER 

M 

max 

0 

Speed  range’ 
(knots) 

.  % 

Portland  cement  concrete  (P.C.C.) 

0.77 

U>$. 

46-88 

• 

Bituminous  concrete  (B.C.) 

.81 

.06 

49-108 

(b)  Snow  Covered  Runwaya 

/  RUNWAY  COVER 

%ax 

0 

Speed  range 
(knots) 

1/4  In.  of  new,  soft,  noiat  snow  over  an  icy  and 
refroxen  anow  aubaurface 

9.28 

0.05 

| 

20-60 

1/4  to  1/2  In.  of  new,  hard-packed,  moist  anow 
over  bitualnoua  pavement.  Packed  by  recant 
plerugning 

.35 

.04 

17-72  ; 

5  to  6  in.-  of  new,  aoft,  dry  anow  over  lce- 
epotted  bitualnoua  pavement 

.35 

_  ..  . 

.05 

11-65 

1  to  2  In.  of  new,  aoft,  dry  snow  over  an  Icy, 
packed  snow  subsurface 

.27 

.03 

J 

1  to  4  in.  of  new,  soft, moist  anow  over  an  Icy,  i 
pecked  snow  subsurface  1 

i 

.24 

.03 

39-115  j 

i 

3  In.  of  old,  soft  to  hard,  moist  to  vet  snow  j 
left  on  froaen  lake  surface  when  top  7-ln.  layer 
wee  r  ea»ved  by  ploughing 

.26 

.03 

i 

i 

11-90 

! 

1  to  3  in.  of  new,  soft,  dry  snow  over  5  In.  of 
•  y}pj|^|pjt^l[>n0W  t  on  frozen  lake  by  pre-  j 

.28 

.»*•  *»  .1. 

-i 

32-86  i 
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TABLE  IV-2  (cont.) 


(c)  Ice 


RUNWAY  COVER 

— r 
• 

» 

•*es ax 

1 

<r 

;  Speed  rang* 
;■  (knots) 

Frozen  lake  surface,  with  thin  patchy  snow  residue  .'! 
left  on  ice  from  ploughing  operation,  surface  -0. 18 

'temperature  32°F.  No  vater  film  evident.  Air  ' 
i£SS!BSX&Pv.r«u  _ _ _ _ _ . 

0.02 

!  17-78 

Frozen  lake  surface,  with  thin  patchy  snow  residue 
left  on  ice  from  ploughing  operation,  surface  j 
.temperature  19°F.  No  water  film  evident.  Air  j 
Itemperat-ure.  _0  F.  _  _  ,5 

.02 

25-63 

1 

(d)  Wet  Runways 

f— ' —  . . . -  — — ,  , 

, 

RUNWAY  COVER 


Vet  Portland  cement  concrete 


.'Bituminous  concrete  In  heavy  rain 


i  Bituminous  concrete  In  light  rain 


Bituminous  concrete  in  light  rain  with  runway 
dotted  with  puddles  from  previous  rain 


Speed  range 


M 

■ax 

O  1 

! 

(knots) 

J 

0.36 

0.13: 

53-94 

i 

.42 

.16! 

44-109 

t 

.43 

•  12  i 

33-93 

♦ 

j 

1 

j 

.20  J 

.  09 

_61-103 

f 

.53 

1 

.07: 

t 

48-98 

1 

c 

.80 

"  ~T~ 

.10 

69-91 

i 
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FIGURE  4-6:  Mean  values  of  Maximum  Available.  Tire  Fric.ion 

Coefficient  u  for  Various  Runway  Surfaces. 

■ax 

Value  of  standard  deviation  shown  as  shaded  area 
about  the  seen.  Abbreviation  B.C.  refers  to 
bituminous  concrete  and  F.C.C.  to  portland  cement 
concrete. 


The  results  are  summarized  as  follow*  $ 


.  Factor 

1.  Vertical  Load 

2.  Velocity 

3.  Tread  Design 


4.  Tgead  Composition 

5.  Tire  Inflation 

Pressure 

6.  Tire  Temperature 


Effect  on 

Decreasing  coefficient  with  increasing  load. 
Decreasing  coefficient  with  increasing 
velocity  (See.  Figure  4-3) 

Order  of  best  braking  (See  Figure  4-7) 

1.  Circumferential  lib 

2.  Lateral  Groove  and  Diaaond 

3.  Smooth  add  Dimple 
Very  alight 

Slight  decrease  with  Increased  pressure 
Slight  decrease  with  Increased  tsaperatmre  . 


Ck 


As  was  Indicated  above  for  ice  and  snow,  if  appropriate  values  of  are 
available  in  Table  IV-l,these  should  be  utilised.  If  otherwise,  the  follow- 
lng  method  for  estimating  la  suggested.  , 

1.*  Compute  for  dry  runway  using  the  appropriate  SMthod 
(for  anti-skid  or  non-ant i-skid)  given  in  Subsection  3. 


2.  Compute: 
f (tread ,V) 


C1  +  C2V  +  C3y2  +  CgV3  ♦  CjV4 


(IV-14) 


where  the  coefficients  are  defined  by: 


Treed  Design 

C1 

2 

C3 

C4 

C5 

Smooth  or  Dimple 

.9666 

-.21398x10”* 

. 24384x10”* 

-.14359x10”* 

,3P45xl0”8 

Diamond 

.9748 

-.12863x10”* 

. 92995x10”* 

.39654x10”* 

.78224x10”* 

Ribs  (  4) 

1.0 

-.11943x10”* 

.75697x10”* 

-.14953x10”* 

-.590157x10” 

Equation  IV-14  is  presented  graphically  by  Figure  4-7. 
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f  (tread  ,V) 


(IV- 15  ) 


o 


5.  BRAKE  ENERGY  LIMITATIONS 


The  brakes  are  limiter  by  the  Mount  of  energy  the  kites  can  allot! 

a 

without  causing  damage  to  the  brakes  or  ceasing  a  fire  Asa  to  men 
heat.  This  energy  Unit  is  eaqtlrically  established  by  the  brake  ms 
Cacturer  and  is  a  function  of  the  type  and  number  of  atopa  that  are 
anticipated.  For  example,  for  the  F-104C  airplane, if  SO  steps  are 


anticipated  without  change  of  brake-lining,  then  a  kinetic  energy  ef 
6  x  10*  ft-lbs  cannot  be  exceeded  during  each  atop.  If.  only  cue  a  tap 


is  to  be  made  (maximum  perform  mce  landing)  without  censing  a  fire  it 

_ 1 _ i  —  .L..  .k.  _ _ 1  i _ i .  I.  _ J  I*  _  «>!  •• _ 


explosion,  then  the  energy  limit  la  raised  te  10  s  10  ft-lhe. 
(See  Table  IV- 1> 


The  kinetic  energy  that  the  alrcra.  brakes  will  absorb  during  a 
ing  can  be  obtained  by  integration  ef  tbs  horlaemtal  forces  oysati 
(equation  VI-2)  over  the  landing  distance.  Rewriting  the  eqeatiSi 


QU  • 

p  •  F  ■—  *V  +  T-  0-  p  •  F 

ng  g  a  aw 


integrating  along  the  ground  roll  distance 


•t  . 

J  r  -  <■•  -  «  J  i  J 

0^0  o 


CT  -  0  -  *!  •  de 


where  sq  is  the  initial  distance  where  the  brakes  are  applied 


s^  is  the  final  distance  where  the  brakes  are  released. 


TABLE  TV-3 

BRAKE  ENERGY  LIMITS  • 

<1 

.  '  *. 

A.  From  the  aircraft  flight  manual 

normal  -  Normal  operation  use.  Soma  time  factors  may  be  required 
for  brake  cooling  when  operating  near  the  limit. 

Caution  -  Possible  fire.  Brake  damage  may  occur.  Inspections  are 

i 

required. 

|0r  -  pire  and  explosions  are  imminent.  Brake  and  tire 
’  Inspections  are  required. 


Aircraft 

C-135 

C-1A1 

F-lll 

B-58 

Paacriotion 

Brake  Energy  Limits  (x  10  ® 

ft-lbs) 

Normal 

20 

18 

18 

10 

Caution 

28 

27 

23 

11.8 

Danger 

AO 

39. A 

37.5 

18 

u 
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Now 


V  ds  «*  J/2  b  • 


Brake  energy  (B.E.)  ■ 


the  change  in  kinetic  energy  (AK,E.) 


and  no 


B.I.  -  &K.E. 


d* 


(IV-16) 


It  can  be  seen  that  the  brake  energy  can  be  reduced  by  permitting  a 
longer  ground  roll  (^  -  sq)  so  that  (T  -  D  -  F^)  creates  a  larger 

negative  number  end  thereby  subtracting  Iron  the  total  AK.E. 

Anti- skid  system  permit  brake  Operation  near  uMX»  which  in  turn  is 
the  condition  where  aaxinun  heat  is  generated.  The  brake  energy  Halt 
it  also  a  direct  function  A  this  heat  generation.  Therefore,  if  an 
aircraft  ground  roll  o',curs  during  which  the  brake'  era  operated  in 
the  anti-skid  node  a  long  distance,  there  exists  the  possibility 
of  exceeding  t>-  brake  energy  Halt.  All  aircraft  that  eaploy  anti¬ 
skid  devir -*  Include  brake  energy  Halts  in  the  -1  handbook. 

should  be  emphasised  that  to  deteralne  if  a  ground  roll  calculation 
is  compatible  with  the  braking  systea,  a  brake  energy  cueck  oust  be 

node. 


Table  IV-3  shows  brake  energy  Halts  for  various  aircraft.  This  informa¬ 
tion  was  obtained  froa  either  the  manufacturer's  T.O.  (  )-l  Flight 

Manual  or  froa  Reference  16. 


6 .  TIRK  FOOTPRINTS 

.  • 

In  order  Co  obtain  Che  not  tire  footprint,  one  of  the  following  pro¬ 
cedures  should  be  used: 

1.  The  best  way  to  obtain  a  tire  footprint  is  to  obtain  an  impression 
and  graphically  obtain  the  actual  contact  area. 

2.  The  next  best  method  is  to  Measure  the  tire  deflection  and  than 

compute  the  footprint  area  as  follows  (From  Reference  17)  (tee  4 

Figure  4-6  for  definitions). 

a.  Obtain: 

„  d  -  Tire  Radial  Deflection  (difference  between  leaded 

unloaded  section  heights) 

-  Tire  outside  diameter 
o 

V  -  Tire  section  width 

/  ' 

Df  -  Rim  flange  diameter  • 

b.  Calculate  dimensions  of  basic  "Decap  Area",  which  is  the  area 
of  intersection  of  a  borlsootal  plana  through  the  tire  at  .the 
radial  deflection  point  (or  depth)  d: 

H  »  Major  Axis  of  Decap  ■  2  /d(tT  -  d) 

a  ■  M«.*ar  Axis  of  Decap  •  2  /d  (V  -  d) 

c  From  the  above  values,  approximate  footprint  dimensions  nay 
be  calculated  as  follows: 

F  ■  Major  Axis  of  Footprint  ■  .85  M 

jl.00  for  Type  VII  A  VIII  Tires 
f  ■  Minor  Axis  of  Footprint  -  a  x  4  .93  for  Typo  III  Tires 

(_  .84  for  Type' I  Tires 

Footprint  area  -  .785  •  F  •  f  x  T.95  for  Type  III,  VII  4  VII  Tires 

L  >85  for  Type  I  Tires 


.  If  the  tire  deflection  is  unknown  the  following  approximation  can  be 


Flange  Diana tar 

Tlra  Oo tilde  Diana tar 
Section  Haight 
Section  Width 


FIGURE  4-8: 


o 


.where  B  -  present  deflection  end 

B  -  35Z  for  Type  I,  III,  t  VI 
B  -  32X  for  Type  VII  &  VIII 

FH  -  free  height  (unloaded  section  height  shove  the  tog 
of  the  n«  flange  ) 


For  an  analytical  eat  last  Ion  of  AQ  (net  footprint  area),  the  above 
definitions  can  be  reduced  to  the  following l 


t*  '  *.  - 

-*  y*  -*  •  > 


Table  IV-4  vAbetracted  from  teference  17)  glvea  values  of  D^,  D^,  and 
V  f«r  numerous  tires  in  use  at  this  tine. 


TABLE  IV-4 


TYPE  I 

TIRE  FOOTPRINT 

PARAMETERS 

Site  * 

D 

0 

V 

Df 

27" 

28.16 

9.66 

15.75 

33" 

33.06 

11.30 

18.125 

3*" 

36.86 

13.08 

• 

19.50 

44" 

44.94 

15.76 

24.125 

47" 

47.98 

17.00 

25.75 

54" 

56.62 

19.92 

29.75 

45" 

65.66 

23.04 

34.438 

S.00 

8.10 

3.06 

3.843 

10.00 

10.06 

4.18 

4.218 

12.50 

12.50 

5.40 

5.062 

14.50 

14.  1 

6.24 

5.969 

17.00 

*  •  .  •  •  • 

*  . 

7.20 

6.906 

24.00  / 

26.00 

11.00 

10.50 

ram 

SiM  D  V 

9 

2M  25.75  5.55 


SiM  D  V  D. 

9  i 


5.00-4  * 

n.25 

5.05 

5.50 

3.50-4 

14.20 

5.75 

5.50 

4.00-4 

■18.00 

9.30 

5.38 

S.OOr*  ' 

14.20 

4.95 

6.50 

4^4 

U 00-4 

17.50 

19.75 

4.30 

7.00 

7.50 

7.50 

S.00-4 

19.50 

7.95 

7.50 

9.00-4 

19.50 

7.95 

7.50 

9.50-4 

22.10 

4.95 

7.75 

9.00-4 

22.40 

9.25 

7.75 

Tjrp«  III  continued  on  next  p«g« 


TYPK  III  Continued 


8.90-12. 50 

7.50- 1* 

9. 50- 16 

12.50- 16 

13.50- 16 

15.00-15 

14.00-16 

17.00-16 

15.50- 20 
17.00-20 
20.00-20 
19.00-23 
25.00-28 


15x6.00-6 

22x7.25-11 


TYPE  VII 


continued  on  next  p«|e 
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TYPE  VIII 

Sit* 

D 

0 

V 

Df 

14x4.5-8 

14.00 

4.50 

9.624 

18x6.5-8 

18.00 

6.50 

9.75 

27.5x7.5-16 

27.75 

7.50 

18.0 

22x7.7-12 

22.35 

7.>0 

14.0 

26x8.0-14 

26.00 

8.00 

16.25 

22x8.5-11 

22.00 

8.50 

12.75 

30x11.50-14.50 

20.25 

11.50 

17.00 

31x11.50-16 

31.09 

11.50 

18.50 

32x11.50-15 

‘  32.00 

11.50 

17.50 

41x15.0-18 

41.00 

15.00 

21.25 

40x17.50-18 

40.50 

17.50 

21.50 

50x20-20 

50.00 

20.00 

23.75 

BRITISH  mg  TUE» 


Sls« 

D. 

V 

V 

18x4.25-10 

18.25 

4.70 

11.20 

23x7.00-12 

23.20 

7.20 

13.30 

24x7.25-12 

24.50 

».40 

26x7.75-13 

26.20 

7.90 

16.40 

35x0.00-17 

34.80 

9.40 

19.20 

36x10.75-16*1/2 

35.90 

10.70 

18.80 

Klfht  tire  types  have  been  established  hy  the  U.S.  Aircraft  Tire 

and  tls  Industry. 

• 

ACTIVE  FOR 

m 

PRESSURE 

USE 

NEW  DESIGN 

i 

Low 

Fixed  Cesr  Aircraft 

No 

ii 

Rlfh 

Retractable  Gear  Aircraft 

No 

hi 

tow 

S am*  as  I  Saall  Aircraft 
and  Helicopter 

Yes 

IV 

Extra  Low 

Nearly  Obsolete 

No 

V 

Obsolete 

n 

Low 

Nose  Wheel  -  Old  Aircraft 

No 

m 

Extra  High 

Extra  High 

Military  4  Coenerclal  Jets 

Tes 

nit 

High  Speed  Take-off  -  Military  Ten 

7,  SAMPLE  PROBLEM 


GIVEN ;  n»t 

1.  F-104G 

2.  GW  -  20,000  lbs. 

3.  Assume  .9  GW  on  Msln  Gear 

4.  No  Anti-skid  System  , 

5.  V  ■  100  knots 

6.  Wet  Runway 

7.  Tire:  Type  VIII  26  x  8.0  -  14  rib  tread 

SOLUTION:  ,  . 

From  Table  IV-4  D  -  26.00 

o 

W  -  8.00 
Df  -  16.25 

A  ™  99  in2  (2  Tires)  (From  Eq.  IV-19,  Tire  Footprint  Section) 
n 

p  -  .657  (Anti-Skid)  (Equation  IVt9) 
avg 

p  ■  .22  (No  anti-skid)  (Equation  IV-11  end  If-12) 

p  ■  .09  (W*t  no  anti-skid)  (Equations  IV-14  and  IV-15) 


y>.“  * 


?« vv&ji 
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SECTION  V 


INTERNAL  BLOCKER  DOOR  TYPE 

The  internal  blockar  door  typo  can  be  divided  into  two  categories 
I)  cascade  and  2)  deflector.  These  are  shown  schoaatically  in 
Figure  5-1.  Most  "fan  air"  reversers  on  present  day  aircraft 
utilise  tne  cescade  type.  The  onlyU.S.  aircraft  utilising  the 


THRUST 

DISCUSSION  * 

This  section  presents  the  two  methods  used  to  vary  the  thrust  and 
thrust  line  of  the  engine  other  than  throttle  control  that  are  in 
current  use.  These  two  methods  are  respectively,  thrust  reversing 
and;  thrust  vectoring. 

Thd  methods  of  producing  reverse  thrust  are  presented  as  well  as 
methods  to  determine  the  amount  of  reverse  thrust  and  the  flow 
phenomenon  associated  with  it. 


A  generalized  discussion  is  given  at  the  end  of  this  section  on 
thrust  vectoring.  It  is  Intended  to  present  the  methods  and  use 
of  thrust  vectoring  along  with  a  simplified  mathematical  approach 
for  use  in  the  generalised  force  balance  equation.  A  detailed 
Analysis  is  beyond  the  scope  of  this  report. 


Over  the  years  numerous  aerodynamic  and  mechanical  devices  for 
reversing  the  thrust  of  a  jet  engine  have  been  designed  and  used. 
However,  most  of  the  present  installations  fall  into  two  basic 
categories.  These  are:  1)  internal  blocker  door  and  2)  target 
type  reversers.  These  two  basic  types  differ  only  in  their 
location  in  the  engine  installation.  The  internal  blocker  door 
reverser  is  located  forward  of  the  exhaust  gas  exit  plane  (when 
deployed)  while  the  target  type  is  located  aft  of  the  exhaust 
gee  exit  plane  (when  deployed). 


TYPE 


Bloclccr 

Doors 


Cascades 


Tailpipe 


Stowed 


Deflector 


Blocker 


Tailpipe 


Deflector 

Door 


Deflector  Type 


FIGUKE  5-1  *  Internal  Blocker  Door  Thrust  Kavarsers 


internal  blocker  door  on  the  primary  exhaust' are  the  Boeing 
707,  727  and  the  Convair  880  and  990  series  aircraft. 

B.  TARGET  TYPE 

The  target  type  reverser  can  also  be  divided  into  two  categories: 
1)  stang  mounted  and  2)  barrel  mounted.  These  are  shown 
schematically  in  Figure  5-2.  The  "stang  mounted"  are  currently 
used  on  the  DC-9,  C-140,  C-141,  737,  Culfstream  II,  and  the 
>  Sabreliner.  The  "barrel  mounted"  are  currently  used  on  the 
DC-8  and. the  Swedish  Viggen.  The  barrel  mounted  is  usually 
'  employed  when  the  aircraft  uses  a  primary  ejector  for  thrust 
augmentation  or  engine  bay  cooling.  This  latter  type  has 
been  proposed  for  use  on  military  aircraft. 

C.  GROUND  ROLL  REVERSERS 

This  type  of  reverser  is  a  two  position  device  that  is  either 
stowed  or  fully  deployed.  The  reverser  is  normally  deployed 
at  touchdown  and  remains  deployed  until  a  ground  speed  is 
raachad  called  the  "cut-off  speed".  This  is  discussed  in 
Subsection  6.  One  aircraft,  however,  uses  the  Inboard  reversers 
on  occasion  during  approach.  This  Is  the  DC-8.  All  aircraft 
equipped  with  reversers  today  have  ground  roll  type  reversers. 

D.  IN-FLIGHT  REVERSERS 

This  type  of  reverser  is  used  to  increase  the  aircraft's  man¬ 
euvering  ability  by  enabling  virtually  Instantaneous  thrust 
changes  from  full  forward  to  full  reverse.  The  reverser  doors 
modulate  manually  or  automatically  providing  rapid  deceleration 
and  Instant  power  control.  In  use, the  engine  is  kept  st  a  high 
power  setting  while  modulating  the  thrust,  thereby  enabling 
the  pilot  to  obtain  maximum  thrust  within  one  or  two  seconds. 

This  type  of  reverser  (usually  referred  to  as  a  thrust  diverter) 
la  proposed  for  military  aircraft  to  improve  their  combat  per¬ 
formance,  and  it  will  usually  be  used  during  ground  roll. 


DECELERATION  FORCE  ATTRIBUTABLE  TC  REVERSKR  DEPLOYMENT 
Although  there  is  a  vast  variety  of  possible  reverser  config¬ 
urations,  the  deceleration  force  attributable  to*reverser 
deployment  can,  regardless  of  configuration,  generally  be  repre¬ 
sented  by  the  equation: 

AF  -  nFG  -  (ADrag)TR  -  Ram  Drag  (V-l) 

where  the  thrust  vector  n  la  +1  for  100Z  forward  thrust  and  -1 
for  100%  reversed  thrust.  Practical  limitations  on  the  value  of 
n  are  discussed  in  Subsection  4.. 

(ADrag)^R  for  an  isolated  thrust  reverser  in  compressible  flow  is 

essentially  base  drag.  The  appropriate  base  area  is  the  frontal 
area  of  the  reverser  and  base  areas  forward  of  the  reverser  exposed 
by  deployment  of  the  reverser  doors  as  shown  in  Figure  5-3.  The 
base  drag  acting  on  the  aft  side  of  the  reverser  doors  Increases 
with  ir, ceasing  engine  nossle  pressure  ratio  (NPR) .  This  latter 
ph^.'^nenon  is  probably  due  to  strengthening  of  vortices  formed 
behind  the  door  during  reversed  thrust  modes.  These  vortices  were 
readily  observable  in  the  flow  visualisation  test  of  Reference  1. 

Test  data  indicates  that  at  an  NPR  of  1^0,  the  base  pressure 
coefficient  is  approximately  ■  -0.  .  The  variation  of  base 
pressure  with  NPR  is  dependent  upon  reverser  configuration.  Tests 
with  target  reversers  have  indicated  the  Increase  in  the  absolute 
value  of  Cp  can  be  as  much  as  0.2S  (l.e.  ■  -0.75)  at  NPR  ■  1.5. 

In  addition  to  the  base  drag,  reversed  thrust  further  Influences 
airplane  drag  by  influencing  the  aerodynamic  characteristics  of 
lifting  surfaces  end  other  aircraft  components  in  the  near  vicinity 
af  the  exhaust  plume  profile.  This  effect  plays  a  prominent  roll 
In  the  design  of  reversers  for  wing  mounted  engines.  In  the 
Instance  of  thrust  reversers  located  forward  of  the  wing  flaps 
vlth  the  exhaust  plums  directed  spanwise,  there  occurs  at  certain 
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aircraft  velocities  a  reduction  of  pressure  acting  on  the  forward 
face  of  the  flap.  The  resulting  negative  drag  (thrust  component) 
acting  on  the  flap  can  be  of  sufficient  magnitude  so  as  to  null 
the  net  effectiveness  of  thrust  reversal  as  a  deceleration  device. 
Judicious  and/or  fortuitous  location  of  the  rtwerser  and  exhaust 
plume  will  minimize  adverse  aerodynamic  effects  and  in  some 
Instances  create  positive  increments  of  drag  (e.g.  where  reverser 
deployment  increases  the  suction  on  the  leeward  side  of  the  flaps). 
A  method  for  predicting  plume  profile  as  a  function  of  flight 
dynamic  pressure  and  engine  nozzle  pressure  ratio  is  presented 
in' Subsection  7. 

Although  ram  drag  is  present  anytime  the  aircraft  has  forward 
motion  with  air  passing  through  the  engine,  it  generally  cannot 
be  used  to  advantage  in  decelerative  modes.  It  is  only  of  sign¬ 
ificant  magnitude  when  engine  airflow  is  high  in  which  case  gross 
thrust  is  also  large.  Without  thrust  spoiling  or  reversal  devices 
it  is  necessary  tu  "throttle  back"  to  effectively  decolerate  the 
aircraft.  Thus  in  determining  the  increase  in  aircraft  deceleration 
force  increment  due  to  reverser  application  account  should  be  made 
of  the  increase  in  ram  drag  available  through  operation  of  the 
engine  at  high  power  settings.  The  adverse  forward  thrust  that 
e*.xstc  during  conventional  idle  thrust  deceleration  should  also 
be  taken  into  account  In  evaluating  the  increase  in  decelerative 
force  due  to  reverser  application. 

Thus  in  comparing  ground  roll  with  thrust  reverser  against  ground 
rolls  made  at  ldla  thruat  without  thrust  reversal,  the  net  increase 
in  deceleration  force  due  to  reverser  deployment  is  given  by: 

(/DF)||#t  •  -nFc  ♦  (ADre2)n  ♦  Rem  Dreg  ♦  (Rfl)Idl#  (V-2) 

Mien  comparing  casts  involving  emergency  landing  conditions,  it 
should  probably  bs  assumed  that  the  ground  roll  performed  without 
thruat  raveraar  la  axecited  with  tha  engine  switched  off.  In 
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which  case: 


(ADF)Nct  -  -nFg  +  (ADrag)TR  +  Ram  Drag  -  (Ram  D*»t>Power  Q£f  (V-3) 

REVERSER  EFFECTIVENESS  *  * 

’  << 

The  reverser  effectiveness  is  the  ratio  of  revetser  thrust  to  forward 
thrust  Tr/Fg  and  is  related  to  the  thrust  factor  employed  in  equation 
(V-l)  by  -n  -  tr/fg.  • 

Theoretically,  reverser  effectiveness  up  to  1.0  is  possible.  Values 
in  excess  of  0.8  have  been  obtained  with  both  target  and  cascade  ' 
type  reversers.  However,  high  values  of  reverser  effectiveness  at 
low  forward  flight  speeds  tend  to  cause  impingement  a^d/or  attach¬ 
ment  of  the  exhaust  gases  on  engine  cowling  and/or  fuselage.  This 
combination  also  results  in  re-ingestion  of  exhaust  gases  into  the 
engine  inlet.  The  primary  adverse  effect  of  re-ingestion  Is  ' 

engine  surge  resulting  from  non-uniform  temperatures  of  the  Inlet 
air.  The  primary  adverse  effect  of  flow  impingement  and  attach¬ 
ment  is  excr^iivc  heating  of  affected  aircraft  components.  In 
addition,  flow  attachment  sometimes  results  in  re-ingestion.  Re- 
irp'jtioh  is  discussed  further  in  Subsection  3.  Thus  for  thos' 
aircraft  where  exhaust  attachment  and/or  re-lngestlon  are  critical, 
a  trade  off  must  be  made  betveen  reverser  effectiveness  and  cut-off 
speed  (the  minimum  speed  at  which  reverse  thrust  will  be  employed). 

For  the  higher  reverse  thrust  effectiveness  a  larger  deceleration 
force  is  available  but  is  available  only  during  the  initial  phase 
of  the  landing.  A  lover  reversar  effectiveness  applied  over  a  larger 
portion  of  the  landing  ground  roll  may  result  in  an  overall  shorter 
landing  distance.  In  Addition,  a  less  effective  thrust  reverser 
will  have  lover  loads  which  allows  for  more  forgiving  design  criteria. 

A.  C0MMFRCIAL  AIRCRAFT 

Ground  roll  reversers  for  use  with  turbojet  cocmercial  airliners 
are  usually  designed  with  effectiveness  ranging  from  0.3  to  0.3 
with  the  majority  at  0.4.  However,  if  fanjet  engines  are 
employed,  a  higher  reverser  effectiveness  can  be  utilised.  Fan 
reversers  can  tolerate  some  re-lngestion  and  attachment  because 
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qf  Che  relatively  low  (100  to  200*F)  fan  air  temperature. 
Reversed  thrust  ratios  of  0.6  can  be  used  on  fan  reversers 
In  commercial  applications. 

B.  MILITARY  AIRCRAFT 

If  the  thrust  reverscr  is  to  be  deployed  strictly  for  ground 
roll  deceleration,  the  design  criteria  is  much  the  same  as 
that  stated  above  for  present  day  commercial  airliners. 

*  Most  of  the  fighter  aircraft  have  the  engine  mounted  in  the 
aft  fuselage  with  inlets  far  forward  so  that  the  probability 
'  of  re-ingestion  during  landing  is  reduced  or  at  least  delayed 
until  the  aircraft  has  decelerated  to  low  velocities.  These 
factors  weigh  the  compromise  towards  higher  reverser  effect¬ 
iveness.  'Values  in  the  order  of  0.6  are  reasonable. 


There  are  present  plans  to  equip  several  of  the  military 
aircraft  with  in-flight  thrust  reversers  for  use  in  conjunction 
with  high  speed  maneuvers.  For  these  aircraft  the  emphasis 
is  on  high  values  of  reverser  effectiveness.  If,  on  ground 
roll,  re-irgestion,  impingement  or  re-attai  ent  are  problems, 
it  be  nece*  sary  to  either  tolerate  a  rather  high  cut-off 
velocity,  reduce  the  power  setting,  or  modulate  the  reversers 
during  ground  roll.  However,  in  an  emergency,  situation  it  is 
likely  that  full  reverser  would  be  used  throughout  the  ground 
roll. 


Although  thrust  reverser  effectiveness  varies  grossly  from 
installation  to  installation  as  dependent  upon  various  specific 
design  criteria,  it  is  often  necessary  for  generalised  studies 
to  use  soma  representative  value.  For  the  purpose  of  such 
generalised  studies,  the  following  values  are  recommended. 


Type  Aircraft 
Co—arclal  Turbine  Jet 
Commercial  Fan  Jet 
Military  Aft  Fuselage  Jet 


236 


o 


RE- INGEST IPS 

There  are  basically  thus  types  of  re-ingestion:  crons  iagestioa, 
reflective  lngestio>  nd  self  Ingestion.*  Each  of  these  is 
discussed  below  and  illustrated  in  Figure  5-4.  The  associated 
discussion  of  cut-off  speed  and  pluae  shape  are  presented  is 

Sections  *6  and  7  respectively. 

•  • 

Cross  ingestion  is  illustrated  by  the  flow  froa  nacelle  2  te  the 
inlet  of  naoelle  1  in  Figure  S-4.  This  is  a  aajor  problaa  when 
multiple  engines  are  mounted  on  a  wing  section  and  the  exhaust 
froa  the  engines  are  diverted  with  s panwise  coaponents.  Ke-ingee- 
tlon  of  this  type  enn  occur  st  fairly  high  ground  roll  speeds 
especially  whan  the  wing  la  significantly  swept  hack  la  which  case 
exhaust  froa  the  inboard  engines  is  ingested  by  the  outboard  .. 
engines.  The  spanwlse  coaponent  of  flow  is  conducive  of  taapsraturs 
gradients  which  causa  engine  surge.  Engine  surge,  is  evidenced  by 
a  belch  of  fire  out  of  the  inlet  or  the  tailpipe  accompanied  by  a 
loud  bang. 

If  tha  reversed  flow  is  directed  in  a  vertical  rather  than  a  span- 
wise  direction  there  is  a  tendency  for  flew  to  bounce  off  the 
ground  and  up  into  tha  engine  inlet  causing  reflecting  ideation. 
This  is  Illustrated  by  nacelle  4  in  Figure  5-4.  In  addition  to 
engine  surge  this  nay  cause  stones  and  other  foreign  objects  te 
he  Ingested  by  tha  engine. 


The  third  type  (self  ingestion)  illustrated  by  nacelle  3  la  Figure 
5-  4,  usually  occurs  at  a  relatively  low  aircraft  velocity.  Self 
ingestion  is  usually  coincident  with  flow  attachment  in  which  case 
tha  flow  adheres  to  the  outer  wall  of  the  nacelle,  flows  forward 
and  into  the  inlet.  This  type  of  Ingestion  is  detrimental  only  in 
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the  velocity  range  when  the  exhaust  flow  is  just  strong  enough 
relative  to  free  stream  to  cake  its  way  to  the  inlet.  When  the 
aircraft  is  at  somewhat  lower  velocities  the  exhaust  pluae  pro¬ 
gresses  forward  of  the  inlet  and  then  carried  aft  to  the  engine 
inlet.  If  the  forward  progress  is  sufficient ,  the  flow  in  its 

i* 

regress  to  the  inlet  is  nixed  sufficiently  with  free  stream  .4 
thst  teaperature  becomes  fairly  uniform,  and  engine  aurge  is'-.', 
no  longer  a  problem.  When  self  Ingestion  is  prevalent-  it  is 
necessary  to  cut  power  in  the  velocity  range  when  engine  surge 
is  llkel/  to  occur  but  st  lower  velocities  maximum  engine  power 
nay  be  resuned  without  detrementel  effects. 

6.  CUT-OFF  STEED 

,  • 

As  indicated  above,  the  minimum  speed  st  which  full  advantage  nay 
be  taken  of  thrust  reversal  is  limited  primarily  by  the  occurence 
of  reingestion.  This  cut-off  speed  is  usually  established  by  taxi 
tests.  However,  preliminary  estimates  are  sometimes  made  by  plume 
analysis  such  ss  that  presented  in  Subsection  7. 

A  typical  test  evaluation  utilises  ansol  dust  (sodium  bicarbonate) 
or  chalk  on  the  runway.  Movies  are  male  while  the  airplane  peesee 
over  e  stretch  of  the  runway  that  ie  covered  with  pieces  of  chalk. 

Test  runs  conducted  at  various  speeds  determine  when  or  If  the 
chalk  Is  ingested  into  the  engine. 

Factors  which  affect  reingestion  arc  discussed  in  Subsection  S. 

As  Indicated  in  that  section,  the  speed  at  which  reingestion  occurs 
la  strongly  effected  by  airplane  configuration,  reverser  configur¬ 
ation  and  thrust  setting.  A  well  designed  commercial  jet  Install¬ 
ation  with  proper  consideration  given  to  reingestion  can  be  expected 
to  be  operated  in  full  reversed  thrust  at  speeds  down  to  30  knots. 
Military  aircraft, especially  those  Incorporating  aft  fuselage  Install¬ 
ations  ^should  be  operative  with  significant  reverse  thrust  to 
speeds  somewhat  below  30  knots. 
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For  Che  purpose  of  generalized  studies  where  specific  data  is 
hot  available  for  estltrution  of  cut-off  speed,  it  is  recommended 
Chat  the  following  values  be  used. 


Type'  Aircraft 
Ccsmerclal  Turbine  Jet 
Commercial  Fan  Jet 
Military  Aft  Fuselage  Jet 


Cut-Off  Speed,  Kts. 
50 
20 
20 


Xn  emergency  conditions,  it  should  be  assumed  that 
thrust  reversers  are  deployed  to  V  -  0  knots. 


7.  FLUME  SHAPE 


Plume  shape  varies  with  reverse?  gcooetcy,  engine  nozzle  pressure 
ratio  (KPR)  and  aircraft  forward  velocity.  Flow  visualization 
wind  tunnel  tests  have  been  conducted  with  target  reversers  with 
approximately  .55  reverser  effectiveness.  These  tests  Indicate 
that  plume  shapes  vary  in  a  predictable  manner  with  variation  of 
the  tern  CpR,  defined  as  Cpp  ■  103  (NPR-l)/q.  This  is  illustrated 
by  Figure  5-5  which  presents  the  variation  X  -  Y  coordinates  of  the 
position  of  the  points  of  maximum  forward  projection  of  the  jet 
plusM.  These  values  of  X  and  T  were  obtained  from  measurements 
made  over  a  wide  range  of  KPR,  and  'q'  combinations.  The  values 
of  X  and  Y  are  related  to  barrel  dlaneters  so  that  they  may  be 
used  with  any  barrel.  A  given  value  of  CpR  applies  to  a  number 
of  flight  conditions  as  illustrated  by  Figure  5-6. 

Approximate  Method  for  Predicting  Plume  Shape 
The  foregoing  discussion  is  useful  in  determining  an  envelops 
of  flight  conditions  that  correspond  to  a  given  plume  shape. 
Based  on  the  same  data  as  that  mentioned  above,  a  method  has 
been  forpulated  for  predicting  the  shape  of  the  plume  profile 
for  given  KPR  and  * q *  values.  This  method  is  presented  graph¬ 
ically  by  Figure  5-7.  In  using  this  approximation,  it  should 
be  kept  in  mind  that  the  method  is  based  on  tests  involving  only 
two  thrust  reverser  configurations,  both  of  which  were  target 
reversers  with  a  design  effectiveness  of  approximately  0.55. 


X  4  T  (In  Nozzle  Diameters) 


FIGURE  5_5 :  Variation  of  X  and  V  with  C 


It  is  likely  that  exhaust  plumes  emanating  from  reversers 
with  lover  drslgn  reverter  efficiency  will  be  blown  back 
sooner  than  Indicated  by  this  method. 

Figure  5-7  is  a  chart  which  will  yield  the  three  major 
dimensions  of  the  outer  profile  of  a  reverse  plume.  It  gives, 

in  the  axis  of  symmetry  of  the  reverse  r,  the  distance  the  plune 

.  1 

travels  forward  from  the  nozzle  exit  plane  (Y),  the  perpendicular 
distance  from  the  nozzle  centerline  to  this  forward  moet  point 
(X),  and  the  distance  from  the  engine  centerline  to  the  outer 
surface  of  the  plume  after  it  has  completely  turned  and  is 
travelling  with  the  free-stiean  air  (If). 

For  simplicity,  the  chart  will  be  explained  with  the  following 
example: 

The  nozzle  pressure  ratio  for  reverser  operation  2.16. 

Nozzle  diameter  ■  12  inches. 

Consider  the  plume  shape  at  100  knots; 

From  Figure  7  for  NPR  ■  2.16  and  100  knots  EAS,  obtain  a 
horizontal  line  to  Intersect  the  W#>  X  and  Y  lines.  Carry  the 
three  lines  downward  to  intersect  the  line  corresponding  to 
the  nozzle  diameter  (12  inches  in  this  example). 

•  * 

This  gives  Y  s  32  inches  (approx.) 

X  •  58  Inches  (approx.) 

W  ■  124  inches  (approx.) 

Where  Y,  X  and  If  are  as  identified  in  Figure  5-7'. 

8.  THRUST  VECTORING 

Thrust  vectoring  in  this  section  refers  to  vectoring  systems 
designed  primarily  to  produce  vertical  components  of  fores  as 
opposed  to  thrust  reversal.  The  Intent  is  to  assist  lift  to 
enable  the  aircraft  to  maintain  reasonable  flight  paths  on  landing 
approach  at  lower  speeds  than  possible  with  lift  alone. 
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Numerous  schemes  have  bc;n  employed  to  obtain  vertical  thrust 
for  V70L  and  STOL  performance.  For  VTOL  operation  It  is 
usually  necessary  to  size  the  aircraft  power  plants  for  the 
VTOL  node  at  appreciable  sacrifice  In  conventional  flight 
performance.  Vtoere  reduction  of  leading  touchdown  speed  Is 
the  prlmar  r  consideration,  it  is  possible  to  make  significant 
improvements  using  power  plants  sized  for  optimum  performsnea 
during  conventional  flight  nodes.  ; 

*  ■ 

A  recent  study  wss  stde  of  effectiveness  sod  possibility  of 

modifying  four  existing  fighter  airersft  to  incorporate  thrust 
vectoring  capability  (Reference  2).  In  this  study  it  was  con¬ 
cluded  that  thrust  vectoring  of  engine  sized  for  conventional 
flight  requirements  Is  s  feasible  means  of  reducing  landing 
speeds.  In  addition,  inoculative  thrust  vectoring  can  be  used 
effectively  to  improve  glide  path  control  and  wave-off  capability. 
However,  retrofitting  certain  existing  aircraft  may  be  prohibitive 
because  of  structural  modification  or  system  weight  required. 

Assuming  that  the  thrust  vector  is  nullified  after  touchdown 
so  as  not  to  effect  wheel  brake  effectiveness,  the  primary 
effect  of  thrust  vectoring  upon  ground  roll  is  to  reduce  the 
touchdown  velocity.  For  this  purpose,  an  adequate  evaluation 
can  be  made  by  considering  the  forces  acting  on  the  aircraft 
in  static  equilibrium  during  approach.  These  forces  Include 
consideration  of  the  aircraft's  inertia  characteristics,  earth's 
gravity,  propulsive  forces  generated  by  the  engine,  and  tha 
aerodynamic  forces  and  moments  due  to  the  aircraft's  notion 
through  the  air. 

The  evaluation  can  be  mad;  by  simultaneous  solution  of  the 
following  equations: 


Lifi- 


[CL  (*  "  aa)  +  CL  *fie  +  C1  *  Hi  +  V  ar  qS  +  FC*sin  <a  +  V  + 
.  *  4e  lH  H  J 


R.cosa.tf.cosy  ■  0. 


[\ + %  \  h 


4-  Fr  cos  (a  +  6  )  -  Ran  Drag  +  W  siny  -  R  slna  *  0. 


PITCHING  MOMENT 


C«  +  C”c  \  (“  "  “o5  +  \  6«  +  CL! +  CL, *  6F  * 
L  CL  [  6e  *H  4F 

C«*  +  Cra  *  4e  +  Cm.  *4F  *  C.q.S  +  R  (Ax  )  * 

Hi  e  °F  R 

J 


Fc  (AxI  sln6T  ♦  AZ^  cosSj.)  -  0. 


The  aircraft’s  axis  system  Is  established  as  indicated  in  Figure  5-8. 
The  X-axis  Is  the  aircraft  longitudinal  axis  and  the  Z-axis  is  per¬ 
pendicular  to  It  In  the  plane  of  symmetry.  The  major  aerodynamic 
and  Inertia  forces,  lift,  drag,  pitching  moment  and  weight  are 
considered  as  acting  through  aid  about  the  center  of  gravity  as 
shown.  These  aerodynamic  forces  are  composed  of  the  various  component 
forces  contributed  by  the  wing,  flaps  and  horizontal  control  surfaces. 
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The  propulsive  force  due  to  deflected  main  engine  thrust 
turs  components  in  the  lift  and  drag,  directions  as  well  as 
contributing  a  counter-moment  to  the  aerodynamic  moment 
(when  the  Min  force  vector  is  offset  from  the  c.g.).  The 
pitch  control  reaction  force  is  integrated  into  the  equations 
when  necessary  to  balance  the  moment  about  the  c.g.  for  equili 
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SECTION  VI 

WEIGHT  PENALTY-EVALUATION 


1.  DISCUSSION 

1  • 

•  *  ■  u  , 

This  section  presents  s  method  for  comparing  the  weight"  penalty 
for  the  various  deceleration  devices  available  for  design  of 
airplanes  and  considered  by  this  study. 


Tht  weight  penalty  concept  described  herein  will  predict  the  total 
weight  increment  to  the  aircraft:  resulting  from  the  installation 
of  the  device.  This  will  include  but  not  be  limited  to  the  periph¬ 
eral  structure  removed,  the  bns:lc  structure  added  or  supplemented, 
and  the  means  of  operating  and  controlling  the  device.  Special 
design  considerations  are  noted  in  the  description  of  each  device 
that  follows. 

,ln  all  casts  the  unknown  values  or  variable  of  the  parameters 
considered  is  a  number  which  can  be  defined  by  performance 
requirements. 

Attention  has  been  directed  toward  the  solution  of  these  problems 
utilizing  as  much  data  as  could  be  collected.  These  data  Include 
much  of  the  referenced  information  es  well  as  other  actual  measure¬ 
ments  of  existing  aircraft  and  have  been  plotted  on  the  appropriate 
graph  to  illustrate  the  effectiveness  of  the  formulae. 


Carefhl  attention  has  been  paid  to  the  aircraft's  existing  systems. 
In  particular  those  hydraulic  or  pneumatic  lines  which  have  been 
expanded  to  Include  the  added  deceleration  device  requirement. 


For  each  device,  series  of  equations  were  established  to  derive  the 
weight  penalty  formulae.  No  one  solution  would  satisfy  every  case; 
therefore,  the  one  formula  yielding  the  narrowest  band  was  used 
which  provided  the  best  obtainable  confidence  level.. 


2.  TRAILING  EDGE  FLAP 

Flaps  are  auxiliary  surfaces  making,  up  a  tear  portion  of  the  wing. 
When  they  are  lowered,  they  alter  the  camber  of  the  wing.  The 
result  is  an  increase  in  lift  and  dreg,  and  the  zero  lift  angle 
changes  to  a  more  negative  value.  As  a  result  of  these  change* , 
the  aircraft  can:  (1)  land  at  a  lower  speed,  (2)  glide  at  a  ^ 
steeper  angle  over  obstacles,  or  (3)  use  more  power  during  the  ;•! 
approach  and  thus  minimize  engine  acceleration  tine  in  case  of  a 
go  around.  *  The  four  basic  types  of  flaps  are:  plain,  split,  slot, 
and  Fowler. 

The  plain  flap  is  a  simple  hinged  portion  of  the  trailing  edge. 

« 

The  split  flap  consists  of  a  flat  surface  which  is  hinged  to  the 
bottom  of  the  wing.  This  type  generates  a  slightly  greater  change 
in  maximum  lift  than  the  plain  flap  and  because  of  the  greater  turbu¬ 
lent  wake  that  it  causes,  a  mjch  higher  drag  is  produced. 

The  slotted  flap  is  similar  to  the  olain  flap  except  that  the  gap 
between  the  wing  section  and  the  leading  edge  of  the  flap  has  a 
special  contour. 

The  Fowler  flap  resembles  the  slotted  flap  except  that  the  deflected 
flap  segment  is  moved  eft  along  a  act  of  tracks.  When  extended,  it 
Increases  the  chord  and  produces  an  increase  in  wing  area.  The  Fowler 
flap  is  characterized  by  large  Increase ?  in  maximum  lift  with  minimum 
changes  in  drag. 

Variations  of  these  four  basic  types  are  considered  under  two  formulae 
where  the  unknown  variable  "S",  is  the  flap  planform  area.  The  first, 

W  ■  5.17  <S),9A  (VI-1) 

Includes  single  slot,  hinged  and  split  flaps.  The  second, 


o 

o 


W  «  6.98  (S),co  (VI-2) 

includes  Fowler,  double  slotted,  and  triple  slotted. 

The  weight  penalty  fer  all  types  of  trailing  edge  flaps  is  illustrated 
on  Figure  6-1.  This  figure  end  the  formulae  were  established  by 
evaluating  the  weight  of  the  required  trailing  edge  device,  including 
the  associated  mechanical  requirements,  as  compared  to  the  weight  of 
a  wing  trailing  edge  structure  ot  minimum  gage  properly  stiffened 
with  the  necessary  ribs  and  closures  to  prevent  wrinkling.  The 
wing  structure  reinforcement  required  by  the  additional  loads  for 
a  trailing  edge  flap  installation  was  also  considered  in  the  evaluation. 


3.  LEADING  EDGE  SLAT 

High-lift  devices  on  the  leading  edge  of  a  wing,  such  as  slats,  flaps, 
and  other  auxiliary  airfoils,  can  also  be  used  to  change  the  camber 
of  the  wing. 

Tha  fixed  slot  conducts  a  flow  of  high-energy  air  into  the  boundary 
layer  on  the  upper  surface  of  the  wing,  thereby  delaying  air  flow 
separation. 


The  automatic  slot  (slat),  which  consists  of  a  segment  of  the  leading 
edge,  is  free  to  move  on  tracks.  At  low  angles  of  attack  it  is  held 
flush  against  the  leading  edga  by  the  high  positive  local  pressures, 
and  in  this  position  it  is  referred  to  as  a  slat.  When  the  wing 
section  is  at  high  angles  of  attack,  the  high  local  suction  pressures 
at  the  leading  edge  create  a  forward  chordwise  force  to  actuate  the 
■lit,  lifting  It  away  from  the  wing  to  form  a  slot.  This  allows  the 
wing  section  to  continue  at  a  higher  angle  of  attack  and  produce  a 

C.  greater  then  that  of  the  remaining  wing  section. 

TIAX 


the  weight  penalty  for  the  leading  edge  slats  includes  the  evaluation 
of  the  structure  removed  from  the  leading  edge  of  the  wing,  in  addition 
to  any  mechanism  or  system  required  to  operate  the  leading  edge  slats. 
Also  the  wing  structure  reinfortement  necessary  to  accommodate  the 
increased  loads  for  s  leading  edge  installation  was  considered  in 
the  evaluation.  Figure  6-2  presents  a  graph  which  shows  the  weight 


FIGURE  6-2  :  Leading  Edge  Slate;  Weight  ve.  Area 
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penalty  for  a  defined  slat  planfoirm  area  and  the  formula  is 
express  ed  as 

*W  ■  4.65  (S)1*05  (VI-3). 

4.  BOUNDARY  LAYER  CONTROL 

There  were  no  . available  weight  and  geometrical  data  available  for 
BLC  devices;  therefore  no  weight  increments  could  be  established. 

• 

5.  SPOILER  '' 

These  sirnll  auxiliary  surfaces  have  eliminated  ailerons  on  boom 
aircraft-,  and  are  operated  in  conjunction  with  the  aileron  for 
primary  roll  control  on  others.  The  wing  on  which  the  spoiler 
acts  loses  some  of  Its  lift  when  the  spoiler  is  extended  intd  the 
airflow  above  the  wing,  causing  turbulence,  and  the  aircraft  turns 
•  and  a  banking  movement  is  established. 

’  J 

The  weight  penalty  formula  for  spoilers  is 

•  W  -  5.95  (S)1,0A  •  (VI-*) 

where  S  -  the  surface  area  of  the  spoiler. 

The  weight  Increment  derived  from  the  formula  on  the  graph  shown 
on  Figure  6-3  accounts  fer  hinge  mechanisms,  spars,  pressure  switches, 
and  other  systems. 

6.  DRAG  CHUTE 

Conventional  ribbon  drogues  and  ringslot  parachutes  are  most  commonly 
used  in  aircraft  deceleration  applications. 
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The  ribbon  drogue  is  made  up  of  a  series  of  circumferential 
ribbons  separated  by  open  spaces,  or  s!.ots.  Ribbon  drogues 
are  capable  of  sustaining  high  loads,  and  resist  damage  due  to 
'contact  with  the  ground  or  runway  and  repeated  usage. 

.  The  ringslot  parachute  is  made  up  of  circumferential  rings  of  con¬ 
ventional  parachute  cloth  separated  by  open  spaces,  or  slots.  They 
are  slightly  lighter  when  compared  to  a  ribbon  drogue  of  equivalent 
drag. 

.  * 

The  weight  penalty  for  Drag  Chutes  are  expressed  in  the  following 
formulae  and  the  graph  shown  on  Figure  6-4  Includes  the  weight  of 
the  chute  assembly,  canister,  release  mechanism,  controls,  and 
fuselage  reinforcement  required  to  resist  the  chute  induced  loads. 
The  ribbon  drogue  weight  penalty  formula  is 

"rib  ■  l-»*  <Vl  M  <VI-5> 

and  the  ringslot  parachute  weight  penalty  formula  la 

"ribc  *  115  <Dc)l'*5  <"-*> 

where  (Dfi)  is  the  canopy  diameter. 
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7.  WHEEL  BRAKE 

In  order  t'p  slaw  or  stop  an  airplane,  the  kinetic  energy  (energy  of 
motion)  of  the  airplane  must  be  absorbed  by  rolling  friction,  aero¬ 
dynamic  drag,  and  braking  action.  The  relative  effect  of  these 
factors  depends  upon  the  length  of  the  lending  roll  and  the  touchdown 
speed. 


Four  factors  limit  the  ability  of  the  brekes  to  stop  an  airplane. 
These  factors  are:  braking  friction  available  between  the  tire 
and  the  runway,  torque  capability  of  t>ie  brake,  kinetic  energy 
limits  of  the  brakq  and  pilot  technique  for  brake  usage. 
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Rib  -  Ribbon  Type  Chute 
Ring  -  Rlngslot  Type  Chute 


FIGURE  6-4  :  Dreg  Chutes;  Velght  vs.  1)1, 
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I'he  kinetic  energy  is  limited  by  design  and  is  a  measure  of  the 
energy  to  be  absorbed  by  the  brakes.  This  energy  appears  in  the 
iorm-of  heat,  and  the  absorption  capability  of  the  brakes  is  a 
i unction  of  the  brakes  mass  and  material. 

Hie  weight  penalty  graph  is  shown  on  Figure  6-5  and  the  weight 
vnalty  formula  for  wheel  brakes  and  associated  systeas  is 

WBS  “  K  (2*2  13,80  *  10-4  ♦  U.*0  x  10-*  (K.E.)J/*|)(VI-7) 

* 

.-here  N  ■  number  of  tires  with  brakes 
and  K.E.-  kinetic  energy  design  factor. 
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.  THRUST  REVERSE! 

Since  power  is  available  fron  the  engines  during  tbs  loading  condition 
in  jet  aircraft,  this  power  any  be  utilised  la  generating  reversa 
:hrust  to  help  retard  the  leading  roll.  This  is  scconpllehod  singly 
zy  turning  the  exhaust  gases  fron  the  jet  engine  in  sack  a  naaaar 
:hst  they  issue  xn  •  forward  dlroctioo  rather  thaa  aft,  resalting 
in  a  reverse  thrust  force. 


There  ore  two  basic  types  of  thrust  reversers:  the  cascade  and 
:he  target.  Both  of  these  are  currently  used  on  our  nodarn  Jot 
tircraft  and  have  withstood  the  test  of  tins. 

'"•«  weight  penalty  of  a  landing  roll  target-type  thrust  rsversar 
'^n figuration  which  deflects  only  the  engine  primary-exhaust  gases  is 

V  -  .15  k  (VI-  6) 

»**d  the  weight  penalty  of  a  landing  roll  target-typa  thrust  revereer 
"'•n figuration  which  deflects  both  the  engine  primary-exhaust  gases 
•r.d  the  ducted  fan  sir  is 

V  ■  .11  L  •  Ojjy  (Vl-f) 
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1  8  Wheel* / 1 

vherc  D  =»  overall  diameter  at  engine  flange, 

and  L  ■  overall  length  (do  not  consider  extended  falrup  in  length) 


These  formulae  and  the  graphs  shown  on  Figures  6*6  and  4-7  are 
United  to  an  .engine-noun tad  thrust  rsverser  installstlon  and  include 


the  necessary  structure  and  system  modification.  It  la  aSsunei 
that  adequate  operational  systems  are  included  in  the  aircraft 
design. 


The  weight  penalty  of  an  in-flight  target  type  thrust  rewards* 
configuration  which  deflects  only  the  engine  primary -exhaust 
gases  can  be  deternlned  on  Figure  6-8.  This  graph  was  prepared 
using  estimated  weights  of  target-type  nacelle-mounted  thrust 
reversers  proposed  for  a  limited  number  of  aircraft*  Seth  a 
landing  roll  configuration  and  an  in-flight  configuration  for  a 
maximum  velocity  of  Mach  1.2  were  included  for  each.  An  antind tad 
weight  penalty  can  ba  obtalnad  for  a  given  angina  threat  with  Itt 
associated  velocity.  There  are  insufficient  data  etaildila  te 
establish  a  method  to  evaluate  the  weight  penalty  fur  an  iiHfilgfet 
target-type  thrust  reverser  configuration  which  deflects  both  tha 
engine  primary  exhaust  geses  end  the  ducted  fan  air* 


These  small  auxiliary  surfaces  are  usually  mounted  to  tho  fuselage 
and  operated  In  flight  and/or  during  landing  to  reduce  speed  rapidly. 


Their  operation  la  quite  often  limited  to  a  speed  far  below  the 
maximum  speed  of  the  aircraft.  For  this  reason  two  formulas  have 
been  constructed;  one  for  subsonic  and  one  for  supersonic  deployment 


The  weight  penalty  formula  for  speed  brakes  operated  below  600  KIAS  1st 


V  -  1.8S  (10  (S)  (KIAS) 


and  for  speed  brakes  operated  above  600  KIAS  1st 


W  -  2.35  (10  *)  (S)  (KIAS)  (VI-11) 

where  8  »  Spaed  Srake  surface  area  and  KIAS  ■  Knots  indicated  air  speed 
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Might  (lb.) 

Target  Type  Thrust  Revcrser  Deflecting  Engine  Thrust  Only 
Landing  Roll  Configuration;  Height  vs.  Diameter. 


FIGURE  6-6 
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The  weight  value  obtained  front  these  formulae  or  the  graphs  shown 
on  Figures  6-9  and  6-10  includes  the  weight  of  the  pedal,  hinge 
mechanism,  systems  and  fuselage  reinforcement. 
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FICURE  6-10:  Speed  Brakes  -  Fuselage  Mounted;  KIAS  >  600 
Weight  vs.  Area  and  Limit  Speed 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

a.  A  sensitivity  study  indicates  that  touchdown  velocity  and 
thrust  reverser  effectiveness  are  the  factors  that  have 
the  strongest  influences  on  ground  roll  distance.  Follow¬ 
ing  these  are  wheel  braking,  drag  and  lift.  However,  it 
should  be  noted  that  lift  is  a  pertinent  factor  in  estab- 

>  ll8hing  touchdown  velocity. 

b.  The  computation  of  landing  stopping  distance  is  improved 

'  by  using  three  equations-of-motion  rather  than  one,  as  is 

standard  practice.  The  three  equations  required  solve 
for  forces  in  the  vertical  and  horizontal  direction  and 
for  moments  created  by  these  forces.  These  solutions  per¬ 
mit  inclusion  of  the  effects  of  deceleration  and  pitching 
moments  on  the  unloading  of  the  main  landing  gear  and  the 
resulting  effect  on  the  braking  force. 

c.  The  procedure  used  for  computing  ground  roll  distance 
should  account  for  non-linear  variations  of  braking  coef¬ 
ficient  with  changes  in  velocity.  These  variations  can 
be  readily  obtained  by  using  the  equations  presented  by 
Section  IV  of  this  handbook. 

d.  Lift  and  drag  coefficients  and  the  associated  touchdown 
speed  can  be  precisely  determined  from  the  methods  des¬ 
cribed  if  accurate  detailed  geometry  is  available.  This 
is  an  essential  requirement,  since  the  touchdown  speed 
is  the  most  important  factor  in  determining  the  landing 
distance. 

Another  significant  factor  in  determination  of  the  land¬ 
ing  speed  is  the  landing  technique  (Flare  or  no-flare) 
and  its  direct  effect  on  the  touchdown  anglc-of-attack. 
Factors  such  as  rate-of-sink  at  landing;  pilot's  visi¬ 
bility  restrictions  due  to  angle-of-attack;  aircraft 
geometry  limitations;  and  control  requirements  will  all 
effect  the  touchdown  angle-of-attack. 

RECOMMENDATIONS  ' 

a.  Calculations  of  landing  stopping  distance  should  use 

three  equations-of-motlon  rather  than  the  standard  prac¬ 
tice  of  one  equation; 


Calculations  of  landing  .stopping  distance  should  account 
for  non-linear  variations  of  braking  coefficient  with 
changes  in  velocity; 

Further  studies  should  be  conducted  on  reverser  geome¬ 
try  and  reverser  maximum  useable  effectiveness  to  per-' 
mit  thrust  reverser s  to  be  used  to1  their  maximum  poten¬ 
tial  (l.e.  to  a  ground  speed' of  zero  knots  with  maximum 
reverse  thrust  available  for  ground  roll  and  in-flight 
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to  obtain  all  data  available  both  froo  flight  test  and  theory;  and  to  ccapilo  a 
step-by-step  procedure  for  deternining  the  weight  penalties  and  the  force  incre¬ 
ments  affecting  aircraft  landing  perfomance.  Specifically,  procedures  are  provided' 
for  deternining  airplane  lift  and  drag,  and  decelerative  force  increments  and  weight 
penalties  due  to  high  lift  devices,  spoilers,  wheel  brakes,  speed  brakes,  drag  chutes 
and  thrust  reversers.  In  addition,  a  cursory  study  was  node  to  evaluate  the 
effectiveness  of  various  factors  affecting  landing  distance  of  three  current  ailitery 
aircraft.  The  study  showed  that  the  ground  roll  distance  was  strongly  influenced  by 
touchdown  speed;  also  that,  of  all  the  decelerating  devices  studied,  the  thrust 
reverser  was  the  one  nost  effective  in  reducing  stopping  distance.  It  is  therefore 
recommended  that  further  studies  be  conducted  to  optimise  thrust  reversers  and 
devices  such  as  deflected  thrust,  which  reduce  touchdown  velocity. 
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